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ABSTRACT
With the spotlight on renewable energy generation and electric vehicles, the demand for
power supplies, mainly based on batteries, is rapidly increasing. Nevertheless, the energy
density limitations of current batteries are compelling researchers to develop new structured
materials and explore new battery systems. The research works in this thesis on all-integrated
silicon anode and the fabrication of few-layered antimony sulphide/carbon sheets (SBS/C)
relate to the design of materials, and the potassium-selenium battery and potassium antimony
sulphide battery relate to the exploration of new types of energy storage.

The concept of all-integrated design with multi-functionalization has been widely employed
in optoelectronic devices, sensors, resonator systems, and microfluidic devices, resulting in
benefits for many ongoing research projects. Maintaining structural/electrode stability against
large volume change by means of an all-integrated design is realized for silicon anode in this
work. The all-integrated silicon anode has been achieved via multicomponent interlinking
among carbon@void@silica@silicon (CVSS) nanospheres and cross-linked carboxymethyl
cellulose and citric acid polymer binder (c-CMC-CA). Due to the additional protection from
the silica layer, CVSS is superior to carbon@void@silicon (CVS) electrode in terms of longterm cyclability. The as-prepared all-integrated CVSS electrode exhibits high mechanical
strength, which can be ascribed to the high adhesivity and ductility of c-CMC-CA binder and
the strong binding energy between CVSS and c-CMC-CA, as calculated based on density
functional theory. This electrode exhibits a high reversible capacity of 1640 mAh g-1 after
100 cycles at a current density of 1 A g-1, high rate performance, and long-term cycling
stability with 84.6 % capacity retention after 1000 cycles at 5 A g-1.

iv

Due to the energy limitations and high cost of lithium ion batteries, the potassium ion battery
been investigated in recent years as an alternative and promising energy storage device. A
new reversible and high-performance potassium-selenium (K-Se) battery, using confinedselenium/carbonized-polyacrylonitrile (PAN) composite (c-PAN-Se) as cathode and metallic
potassium as anode, is reported in my work. The PAN-derived carbon matrix could
effectively confine the small Se molecules and provide a sufficient buffer for the volume
changes. The reversible formation of small-molecule trigonal Se (Se1, P3121) phase could
essentially inhibit the formation of polyselenides and accounts for the outstanding
electrochemical performance of this material. The carbonate-based electrolyte further
synergistically diminishes the shuttle effect by simultaneously inhibiting the formation of
polyselenides. The as-prepared K-Se battery shows a reversible capacity of 1904 mAh cm-3
after 100 cycles at 0.2 C and rate retention of 89% from 0.1 C to 2 C. In addition, the chargedischarge mechanism was also investigated via the combination of in-situ and ex-situ
synchrotron X-ray diffraction, and Raman spectroscopy analysis. The results reveal that the
introduction of K+ ions leads to the cleavage of C-Se bonds, the rearrangement of selenium
atoms, and the final formation of the main product K2Se. Moreover, the reversible formation
of trigonal Se (Se1, P3121) phase was detected in the reaction with K+. These findings not
only can advance our understanding of this family of batteries, but also provide insight into
chemically-bonded selenium composite electrodes, which could give guidance for scientific
research and the optimization of Se and S electrodes for K-S, Na-S, Li-S, Na-Se, and Li-Se
batteries.

Earth-abundant potassium is a promising alternative to lithium in rechargeable batteries, but a
pivotal limitation of potassium ion batteries is their relatively low capacity and poor cycling
stability. Here, a high-performance potassium ion battery is achieved by employing fewv

layered antimony sulphide/carbon sheet composite anode fabricated via one-step high-shear
exfoliation in ethanol/water solvent. Antimony sulphide with few-layered structure minimizes
the volume expansion during potassiation and shortens the ion transport pathways, thus
enhancing the rate capability; while carbon sheets in the composite provide electrical
conductivity and maintain the electrode cycling stability by trapping the inevitable byproduct, elemental sulphur. Meanwhile, the effect of the exfoliation solvent on the fabrication
of two-dimensional antimony sulphide/carbon is also investigated. It is found that water
facilitates the exfoliation by lower diffusion barrier along the [010] direction of antimony
sulphide, while ethanol in the solvent acts as the carbon source for in-situ carbonization.
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reduction in weight before 450 ᵒC suggested that the sample contained about 39 wt %
selenium, which is consistent with the EDX results.
Figure 5.4 SEM (a) and high resolution SEM (b) images of synthesized c-PAN-Se; (c) EDX
spectrum of c-PAN-Se and summary (inset) of element content concluded from the average
of 10 spectra.
Figure 5.5 (a, b) TEM images of synthesized selenium/carbonized-PAN composite (c-PANSe); (c) high-resolution TEM image of the indicated region of c-PAN-Se in (b); (d-f)
scanning TEM (STEM) images with EDX elemental mapping of carbon, nitrogen, and
selenium.
Figure 5.6 Shuttle effect of selenium electrode: (a-b) glass fibre separators from K-Se
batteries with pristine selenium electrode and (a) EC/PC electrolyte, and (b) with TEGDME
electrolyte after 50 cycles; (c) glass fibre separator from K-Se battery with c-PAN-Se
electrode and EC/PC electrolyte after 50 cycles; (d) Cycling performance and coulombic
efficiency of pristine Se electrodes with EC/PC and TEGDME electrolyte; (e) Discharge and
charge profiles of c-PAN-Se electrode for the first 3 cycles within a wide voltage window of
0.7-2.5 V vs. K+/K. At a higher voltage, the charging curve seems endless because the
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intermediate polyselenide products may shuttle to the anode and react with K metal. The
charge and discharge curves become worse with serious capacity decay in the following
cycles. Thus, the voltage region was optimized, and 0.7-2.3 V was selected in order to
achieve better cycling performance.
Figure 5.7 CV curves of the 1st, 2nd, and 3rd cycles for c-PAN-Se.
Figure 5.8 Electrochemical performance of the c-PAN-Se composite cathode in the voltage
range of 2.3-0.7 V (vs. K+/K): (a) cycling performance and coulombic efficiency of c-PANSe composite at 0.2 C; (b) Comparison of the cycling performance and coulombic efficiency
among c-PAN-Se, physically mixed c-PAN+Se, and pure Se; (c) rate capabilities of c-PANSe from 0.1 C to 10 C; (d) Discharge/charge profiles at 0.1 C and 1 C; (e) Prolonged cycling
performance of c-PAN-Se at the rate of 5 C.
Figure 5.9 Cycling performance and coulombic efficiency of carbonized-PAN in the voltage
range from 0.7 to 2.3 V.
Figure 5.10 (a) High energy XRD (HEXRD) pattern of c-PAN-Se after the third full
discharge, along with the standard patterns of Se, K2Se, and K2Se2, collected with the same
wavelength of 0.5899 Å as the c-PAN-Se electrode; (b) Ex-situ Raman characterization of cPAN-Se; (c) Charge/Discharge profiles of c-PAN-Se; (d) In-situ synchrotron XRD spectra
and the corresponding voltage profile; (e) Structural representations of the Se and K2Se
phases.
Figure 6.1 Investigation of the electrochemical mechanism of bulk Sb2S3 (SBS) anode and
the failure mechanism. (a) In-situ synchrotron XRD patterns of Sb2S3 electrodes upon K
insertion at various potentials (left) and ex-situ SAED pattern (right) (discharged to 0.5 V)
with high-resolution image revealing weak reflections. (b) Image plots of the in-situ XRD
diffraction patterns of the (212) reflection of Sb2S3 during the intercalation stage and
corresponding fitted peak (inset), indicating the peak shift. (c, d) TEM images of the 1st
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discharge product and high-resolution TEM image of the bulk Sb2S3 after potassiation. (e)
SAED pattern of indicated area in (c). (f-i) STEM images with elemental mapping of sulphur,
potassium, carbon, and antimony. (j) Discharge capacity and columbic efficiency of bulk
Sb2S3 at different cycles. (k) Schematic illustration of pulverisation of Sb2S3 during
-

-

charge/discharge. Scale bars: 2 nm 1 (a); 0.5 µm (c); 5 nm (d); 2 nm 1 (e); 250 nm (f-i)
Figure 6.2 Ex-situ XRD patterns of cycled commercial bulk Sb2S3 at different potentials for
potassium ion battery
Figure 6.3 Morphology of commercial Sb2S3 after discharge to 0.5 V. TEM image of
commercial Sb2S3 after discharge to 0.5 V with the yellow circle indicating the selected area
for SAED in Fig. 1a. Scale bar: 100nm
Figure 6.4 (a-c) TEM images of 1st charge product; (d-g) scanning TEM (STEM) images
with EDX elemental mapping of sulphur, carbon, oxygen and antimony; (h) SEAD pattern of
indicated area, (i) high-resolution TEM image of the bulk Sb2S3 after 1st charge.
Figure 6.5 SEM images of commercial bulk Sb2S3
Figure 6.6 Cycling performance (a) and rate performance of commercial bulk SBS
Figure 6.7 The characterization of exfoliated SBS and the solvent effect for exfoliation. (a)
The crystal structure of bulk Sb2S3 with cleavage tendency along b-axis ; (b) high-resolution
TEM image of exfoliated Sb2S3 with inset TEM image (b1) and FFT pattern (b2); (c)
Histograms of the thickness distribution of SBS nanosheets prepared with different solvents
(mixed ethanol and water (E/W = 2:1), pure ethanol (E), and pure water (W)), and typical
AFM images with inset cross-sectional height profiles of SBS nanosheets obtained from
SBS/C (E/W = 2:1, c1) and SBS (W, c2); (d) XRD patterns of exfoliated Sb2S3 with different
exfoliation solvents (mixed ethanol and water (E/W = 2:1), pure ethanol (E), and pure water
(W)); (e) Adsorption energy of water and ethanol molecules on Sb2S3 (010) surface; (f)
Relative diffusion energy barrier of water and ethanol molecules diffusing along the [010]
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direction from the Sb2S3 (010) surface to a position between the second and the third layers of
Sb2S3 (110) slab, calculated with DFT and presenting the diffusion transition state, initial
state, and final state with the indicated crystal structures.
Figure 6.8 SEM images of exfoliated SBS. (a-c) SEM images of SBS exfoliated in ethanol
from different sections of bottle (a: bottom; b: middle; c: top) (d-f) SEM images of SBS
exfoliated in water in different sections (d: bottom; e: middle; f: top)
Figure 6.9 TEM images of exfoliated SBS. TEM images of layered SBS exfoliated from
water (a-c), mixed solution of water and ethanol (d-f), and ethanol (g-i).
Figure 6.10 Characterization of SBS exfoliated in water. (a) XRD patterns of Sb2S3 in
exfoliated in water and collected from different positions. (b) AFM images of Sb2S3 NS-3-W
and cross-sectional height profiles with different layers of SBS. (c) TEM image of SBS
nanosheets (NS-3-W) exfoliated in water. (d-g) Scanning TEM (STEM) images with EDX
elemental mapping of sulphur, carbon, oxygen, and antimony. Scale bars: 50 nm (c); 50nm
(d-g)
Figure 6.11 (a) XRD patterns of exfoliated Sb2S3 in ethanol and collected in different
position; (b) Raman spectrum of commercial SBS, SBS NS-1-E, SBS NS-2-E and SBS NS-3E; (c) TEM image of SBS/C composite and the indicated carbon sheets and SBS nanosheets;
(d-f) scanning TEM (STEM) images with EDX elemental mapping of sulphur, carbon, and
antimony.
Figure 6.12 DFT calculation of diffusion energy barrier of water and ethanol in SBS. (a)
Sb2S3 crystal cell model; (b) Sb2S3 (010) surface supercell model with five atomic layer
thickness and 20 Å vacuum space; The relaxed initial and final states of H2O (c) and
CH3CH2OH (d) diffusion from the surface of SBS (010) into the position between the second
and the third layer of an Sb2S3 (110) slab along the [010] direction
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Figure 6.13 Characterization of carbon sheets. (a) Raman spectra of exfoliated products in
different solvents, SBS (W), SBS/C (E), and SBS/C (E/W = 2:1) compared with commercial
SBS, indicating the generation of amorphous carbon during exfoliation in ethanol-containing
solvents. (b) FTIR spectra of commercial SBS, SBS (W), SBS/C (E) and SBS/C (E/W = 2:1).
(c) XPS analysis of C 1s peaks of SBS/C (E/W = 2:1) and SBS/C (E). (d) EDS spectrum of
the indicated region in (e), indicating the carbon sheets. (e) TEM image of exfoliated SBS/C
composite (E/W = 2:1). Scale bar: 200 nm (e)
Figure 6.14 Raman spectrum of SBS/C composite exfoliated in different solvents
Figure 6.15 Surface chemistry of SBS/C (E/W=2:1), SBS/C (E) and SBS (W). XPS
analysis of Sb 3d and C 1s peaks. Sb 3d peaks of (a) SBS/C (E/W = 2:1), (b) SBS/C (E), and
(c) SBS/C (W); XPS analysis of C 1s peaks of (d) SBS/C (W).
Figure 6.16 Morphology of as-prepared layered SBS/C (E/W=2:1) composite. (a-d) TEM
images of SBS/C composite. (e) Typical AFM images with cross-sectional height profiles of
SBS nanosheets. Scale bars: 200 nm (a); 100 nm (b); 200 nm (c); 100 nm (d)
Figure 6.17 Color variation due to the different size and thickness of Sb2S3 for samples
collected at different positions for one solution, water on the left and ethanol on the right.
Figure 6.18 Electrochemical properties of few-layered SBS and SBS/C electrodes.
Comparison of (a) cycling performance and (b) rate performance of SBS/C (NS-1-E), SBS/C
(NS-2-E), and SBS/C (NS-3-E) electrodes, which were exfoliated and collected in ethanol.
Comparison of (c) cycling performance and (d) rate performance of layered SBS (NS-1-W),
SBS (NS-2-W), and SBS (NS-3-W) electrodes, which were exfoliated and collected in water.
(e) Discharge/charge curves at different cycles of SBS/C (NS-2-E) composite at 50 mA g-1.
Ex-situ X-ray photoelectron spectroscopy (XPS) of the S 2p peaks of (f) SBS/C (NS-2-E) and
(g) bulk SBS electrodes after the 50th charge. (h) Rate capabilities of SBS/C electrodes
exfoliated with different solvents (E/W = 1:1, E/W = 2:1, E/W = 6:1, E/W = 8:1, E/W = 16:1,
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E/W = 32:1) obtained at various charge and discharge current densities (at 50, 150, 300, 500,
1000, and 2000 mA g-1) and their cycling performance after rate testing at a current density of
500 mA g-1.
Figure 6.19 CV curves of SBS NS-3-W and commercial bulk SBS.
Figure 6.20 Discharge/charge curves for selected cycles of bulk SBS at 50 mA g-1.
Table 6.1 XPS analysis of electrode surface after 50th charge
Figure 6.21 CV curves at different scan rates of SBS electrode: (a) NS-3-W and (b) NW-1-W
exfoliated; (c) Peak currents versus V0.5 s-0.5 and the corresponding linear fits.
Figure 6.19 EDS mapping of carbon and carbon weight percentage in each electrodes.
(SBS/C (E/W=1:1), (E/W=2:1), (E/W=6:1), (E/W=8:1), (E/W=16:1), (E/W=32:1))
Figure 6.20 SEM images of exfoliated SBS with the different solvents (E/W=1:1, E/W=2:1,
E/W=6:1, E/W=8:1, E/W=16:1, E/W=32:1).
Figure 6.21 The statistical thickness distribution of SBS electrodes exfoliated in different
ratio of ethanol/water solvents
Figure 6.22 Rate test under certain settings and with different standing times before testing.
(a) Rate performance of SBS/C (E/W = 4:1) with standing time of 12 h before the test (at the
current densities of 20, 50, 100, 200, 20, 300, 500 mA g-1, and 1 A g-1). (b) Rate performance
of SBS/C (E/W = 4:1) electrodes with different standing times (6 h, 12 h, 24 h).
Figure 6.23 Carbon determination in various SBS/C electrodes. EDS mapping and inset
spectrum showing the presence of carbon (E/W = 2:1); the inset table shows the carbon
weight percentage for the composites of SBS/C (E/W = 1:1), SBS/C (E/W = 2:1), SBS/C
(E/W = 6:1), SBS/C (E/W = 8:1), SBS/C (E/W = 16:1) and SBS/C (E/W = 32:1). Scale bar:
100 µm
Figure 6.24 Electrochemical properties of few-layered SBS and SBS/C electrodes fabricated
via two-step exfoliation. Comparison of (a) cycling performance and (b) rate performance of
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SBS 4000, SBS 5000, SBS 6000, and SBS 7000 electrodes, which were exfoliated in water
with different rotation rates. (c) Thickness distributions for SBS 4000, SBS 5000, SBS 6000,
and SBS 7000 electrodes. Comparison of (d) cycling performance and (e) rate performance of
SBS/C (E/W = 1:1), SBS/C (E/W = 4:1), and SBS/C (E/W = 16:1) electrodes, which were
exfoliated via two-step exfoliation (based on the exfoliated SBS 6000 products, with different
weight ratios of ethanol added for the second step exfoliation). (e) Carbon weight percentages
of the SBS/C (E/W = 1:1), SBS/C (E/W = 4:1), and SBS/C (E/W = 16:1) samples. Scale bar:
25 µm (f)
Figure 6.25 SEM images of exfoliated SBS with the different solvents (E/W=1:1, E/W=2:1,
E/W=6:1, E/W=8:1, E/W=16:1, E/W=32:1).
Figure 6.26 The statistical thickness distribution of SBS electrodes exfoliated in different
ratio of ethanol/water solvents
Figure 6.27 Comparison of K ion diffusion times and the average thickness of different
layered SBS electrodes (SBS/C (E/W=1:1), SBS/C (E/W=2:1), SBS/C (E/W=6:1), SBS/C
(E/W=8:1), SBS/C (E/W=16:1), SBS/C (E/W=32:1)).
Figure 6.28 Cycling stability of SBS/C (E/W=2:1) electrode. Long-term cycling performance
of SBS/C (E/W = 2:1) electrode at the current density of 1A g-1
Figure 6.29 State-of-the-art reported anodes (except for carbon/graphite) for KIBs11,34-42 and
schematic illustration of working mechanism of bulk SBS and few-layered SBS/C.
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CHAPTER 1 INTRODUCTION

1.1 Research Background
The burgeoning growth of the world's population and the expectation from underdeveloped
countries for an equal stake in the earth's resources and quality of life are unsustainable without
dramatic improvements in the control and efficiency of energy production, storage, and use.
Discovery and exploitation of fossil fuels has caused global warming. It is abundantly clear that
scientific and technological solutions are urgently required to avert a looming energy crisis of
epic proportions. As a result, the electrical energy-storage systems have become a research
focus for conversion of storage of energy obtained from renewable resources, such as solar
and wind power, to enable energy grid to store the intermittent renewable energy.[1-4]
Electrical energy storage in the form of batteries can be used not only as a backup energy
supply for the national electric grid and smart grids for localized communities, but also as the
power source for transportation, defense, or aerospace applications, as well as for smaller
devices such as consumer electronics.[5-9] Because of their energy limitations in relation to the
increasing requirements of applications, nowadays, researchers are developing more energy
storage system. Besides lithium-ion batteries (LIBs), the existing rechargeable energy-storage
systems include sodium-ion batteries (SIBs), potassium-ion batteries (KIBs), supercapacitors,
etc. Owing to some intrinsic disadvantages of the employed electrodes, the practical
utilization of these systems is still hindered by unclear mechanisms, the need for
sophisticated production processes, high cost, and poor cycling stability.[10-16] Therefore,
developing new electrode materials with low cost, high energy density, and high safety, and
developing new energy storage systems have attracted significant attention.
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Si or Si-based composite is a promising alternative candidate for the commercial graphite
anodes because of the appealing characteristics of Si, such as high theoretical capacity
(∼4200 mAh g-1), low discharge potential (∼0.5 V versus Li/Li+), abundance, and
environmental friendliness. Si anodes exhibit significant volume change (around 400 %)
during electrochemical cycling, however, resulting in pulverization of the particles, loss of
the electrical contact, rupture of the solid-electrolyte interphase (SEI),

[17-19]

and

consequently, rapid deterioration in their storage performance. So, developing unique
structures for Si and a suitable binder system to maintain structure/electrode stability are
necessary.

The energy density limitations and the high-cost of Li-ion batteries are compelling
researchers to explore new battery systems. Alternative metal ion batteries based on earthabundant metals, such as Na

[11-13]

,K

[14,15,16]

, Al

[20]

, Mg [21-23], and Ca

[24-25]

, have attracted

increasing attention recently. Among them, although K is chemically overactive, several
advantages of K anode cannot be ignored, such as its very low redox potential compared to
the other alkali and alkaline earth metals (Eᵒ(K+/K) = -2.93 V, Eᵒ(Ca2+/Ca) = -2.87 V,
Eᵒ(Na+/Na) = -2.71 V, Eᵒ(Mg2+/Mg) = -2.27 V vs. standard hydrogen redox potential),
abundant presence in nature, and low price. Moreover, recent studies have shown that K
metal exhibits amazing properties in metal-oxygen batteries, having the lowest overpotential
of all (less than 50 mV) [26,27]. Thus, focusing on the K-metal ion battery may lead to nextgeneration batteries with high capacity and low cost in the future.

Two-dimensional (2D) materials exhibit various unique physical properties, which enable a
large range of applications in the fields of nanoelectronics, catalysis, gas separation, energy
storage and conversion, etc. 2D materials in particular offer numerous advantages for
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electrochemical energy storage and conversion due to their fast charge transfer kinetics and
highly accessible surface area, which are regarded as a new strategy to improve the rate
capability of electrode materials.

[28]

Exfoliation of layered bulk crystals to obtain monolayer

or few-layer flakes has been a crucial technique in the development of 2D materials [29], and it
continues to be the primary method to rapidly gain access to high quality flakes for exploring
novel material systems. Among all the exfoliation techniques, high-shear mixing is a more
effective approach than sonication to the exfoliation of large quantities of graphene
other two-dimensional materials (MoS2 nanosheets
[28c]

[31]

[30]

and

, few-atomic-layered LiCoO2 material

), providing a viable and promising route for the industrial scale applications based on

these layered crystals. Although this technique is promising, the challenges are still there,
such as the relatively unclear mechanism of shear-exfoliation and the practicability of more
layered-crystal materials.

1.2 Objectives of the Research
Whether developing new materials with specific structures or developing new energy storage
systems such as the potassium ion battery, the purpose of such research is obtaining highperformance batteries with enhanced cycling stability and rate capability. Although some this
work is in its early stages and has a far way to go for commercial application, the associated
fabrication techniques, material design, and new findings will be of great importance.

1.3 Thesis Structure
For the purpose of achieving high-performance lithium ion batteries for practical application,
structured silicon and binder/silicon interaction are investigated. Moreover, new energy
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storage systems such as the potassium ion battery are investigated. The research on
selenium/polyacrylonitrile (PAN) cathode for the potassium ion battery and antimony
sulfide/carbon sheetscomposite as anode for the potassium ion battery was carried out.
Chapter 1 introduces the background for silicon-based anode materials in energy
storage applications and the background for the potassium ion battery.
Chapter 2 presents a literature review on recent progress on Si-based anode materials
of LIBs and cathode and anode materials for KIBs
Chapter 3 presents the detailed experimental methods, as well as the structural and
electrochemical characterization techniques
Chapter 4 introduces the all-integrated anode via interlinked chemical bonding between
double-shelled-yolk-structured silicon and binder for lithium-ion batteries
Chapter 5 introduce a new energy storage system: the rechargeable potassium-selenium
battery.
Chapter 6 investigates enhancing potassium ion battery performance by the use of
few-layered Sb2S3/carbon sheet composite as anode prepared via solution-triggered one-step
shear exfoliation
Chapter 7 summarizes the work in this thesis and provides some prospects for the
synthesis of other materials and for applications in other areas.
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CHAPTER 2 LITERATURE REVIEW

2.1 Progress on Si-based anodes for LIBs in 2011-2016
2.1.1 Si alloys/alloy composites
Si alloy and alloy composites have been fabricated in various structural designs and by
various preparation methods in recent years. For example, core-shell structures and porous
structures were introduced into the alloy composites in order to improve their performance.

Mg2Si anode fabricated via hydrogen-driven chemical reaction could present the initial
capacity of about 1094 mA h g-1 with an initial coulombic efficiency of 92%

[1]

. The authors

reported that the critical factor for capacity fading of the Mg2Si anodes was the dissociation
and irreversible lithiation of Mg. Based on the previous study, the cycling stability of the Sibased alloys could be ameliorated by forming composites with carbon. Yang’s group
synthesized Mg2Si/C composites with a uniform carbon layer coating by chemical vapour
deposition (CVD) on pre-synthesized Mg2Si with C2H2 as carbon source

[2]

. This composite

with the carbon coating maintained a capacity of 320 mA h g-1 after 100 cycles, which was
much better than for the bare Mg2Si anode. A FeSi2/Si@C composite was synthesised by Ai
via a two-step ball milling of Fe, Si powders, and graphite. The composite showed a
reversible capacity of 1010 mA h g-1 with 94% capacity retention after 200 cycles and a good
rate performance with capacity of more than700 mA h g-1 at 1000 mA g-1 [3].

At the same time, silicon alloys with other matrix materials could build hierarchical structures
that were developed to improve the electrochemical performance. Multicomponent
nanocomposites of FeSi2@Si@graphene were synthesized by Kim via the magnesiothermic
reduction reaction of core-shell Fe3O4@SiO2 nanoparticles with graphene oxide shells [4]. The
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graphene coating layer not only inhibited the pulverisation of silicon, but also enhanced the
electrical conductivity. Winter created porous structured NiSi2/Si/carbon composite by using
LiCl as a porogen material

[5]

. The well-dispersed mesopores and the inactive NiSi2 phase

effectively accommodated the volume expansion/shrinkage of Si. Therefore, a specific
capacity of 1272 mA h g-1 was obtained after 200 cycles at 1 C (1 C = 2034 mA g-1).

Besides the binary alloys containing silicon as anode for Li-ion batteries, tertiary alloys were
also investigated as well. Some researchers tried to use super-elastic nickel titanium (NiTi)
alloys (Nitinol) as the inactive matrix to buffer the stress generated by the Si volume changes
[6]

. Jung reported that ultra-fine Si particles embedded in NiTi matrix presented a reversible

capacity of 907 mA h g-1 and capacity retention of 77% after 50 cycles at 100 mA g-1 [7]. Son
successfully embedded Si nanoparticles into a matrix of Ti4Ni4Si7 via a melt-spinning method.
The as-prepared electrode delivered capacity retention of 78% after 50 cycles [8]. FeSi2Ti has
also been developed. Kang synthesised a core-shell structured nano-Si/FeSi2Ti composite by
a melt-spinning technique [9]. This heterostructure exhibited a discharge capacity of 780 mA h
g-1 at 0.1 C, and it maintained about 70% of its initial capacity at 0.2 C after cycling
2.1.2 Si film/composite film
Several kinds of Si-based film anodes, including pure Si films, binary Si films, and ternary Si
films, have been investigated

[10-16]

. For each kind of Si film, both composites and particular

structures have been regarded as effective ways to deal with the problem of the volume
expansion of Si anodes.

One-dimensional nanowires or nanotubes were introduced into the film structure in order to
form voids to accommodate volume change of silicon. Huang reported Si-Cu-Ti thin films
made by depositing Cu3Si nanowires on the substrate surface, and after magnetron sputtering,
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voids were generated within the Cu layer, followed by atomic layer deposition (ALD) of
alumina [17]. The films showed a reversible capacity of more than 900 mA h g-1 at the current
density of 20 μA cm-2 after 100 cycles. The presence of the Cu3Si nanowires could improve
the electrochemical performance of the Si-Cu-Ti thin film electrodes because the nanowires
decreased polarization and inhomogeneous lithiation by forming a surface conductive
network. Paul et al. reported self-organized anodic titania nanotube arrays with silicon
coatings

[18]

. TiO2 nanotubes with Si coating delivered an additional 166 mA h g-1 above the

capacity of TiO2 nanotubes without Si.

In order to improve the binding between the current collector and active Si films, Zhang
synthesized two-dimensional (2D) Ni-Si nanosheets on Ni foam [19] (Figure 2.1). This unique
structured film anode has large pores between the nanosheets and exhibits high conductivity
and strong adhesion to the current collector. As a result, it achieved a high specific capacity
of 2038 mA h g-1 at 0.2 C (1 C = 4200 mA g-1) after 100 cycles with a perfect cycling
stability of 655 mA h g-1 at 2 C over 1000 cycles.
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Figure 2.1 Schematic illustration of the fabrication of Ni-Si nanosheet network[19].

Moreover, Park synthesised Si nanosheets from inexpensive natural clays via a one-step
simultaneous molten salt-induced exfoliation and chemical reduction [20] (Figure 2.2). By
this approach, 5 nm-thick high purity mesoporous Si nanosheets were produced with high
yield. The carbon-coated Si nanosheet anodes presented excellent electrochemical
performance: a high specific capacity (865 mA h g-1 at 0.5 C), outstanding cycling stability
(capacity retention of 92.3% after 500 cycles at a rate of 0.5 C), excellent rate capability (a
capacity of 60% at 20 C compared to 2 C), and remarkably suppressed volume expansion (42%
after 200 cycles at a rate of 0.2 C).
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Figure 2.2 Synthesis of ultrathin Si nanosheets. The schematic illustration (top) shows
synthetic routes for preparing Si materials using two different strategies. (a) Scanning
electron microscope (SEM) and (b) transmission electron microscope (TEM) images of bare
clay minerals. (c) SEM and (d) TEM images of ultrathin Si nanosheets synthesized via
simultaneous molten-salt induced-exfoliation and chemical reduction (method II). (e) SEM
and (f) TEM images of pre-exfoliated clay minerals. (g) SEM and (h) TEM images of
collapsed Si nanosheets synthesized via successive chemical reduction (method I)[20].
2.1.3 Zero-dimensional (0D) Si and Si composites
It has been found that embedding Si particles in different buffer matrixes could effectively
enhance their performance by appropriately accommodating the volume expansion and
releasing the generated stress

[21]

. Specifically, carbonaceous materials, such as graphite,

pyrolyzed carbon, graphene, and carbon nanotubes, have been widely employed as matrixes
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for silicon

[22-29]

. Therefore, this part of the review is focused on the Si particle/carbon

composites.
Zhao synthesised mesoporous Si/C nanocomposites with ultra-small Si nanoparticles (3 nm)
trapped in a mesoporous carbon matrix via a magnesiothermic reduction method [21] (Fig. 2.3).
There were large pores located on the main channels and small pores in the carbon
framework, which promoted electrolyte wetting and facilitated lithium ion diffusion. The
composites exhibited good performance with a high reversible capacity of 1790 mA h g−1,
high coulombic efficiency (~99.5% for each cycle) and rate capability, and excellent cycling
stability (capacity remaining is as high as 1480 mA h g−1 after 1000 cycles at the current
density of 2 A g−1).

Figure 2.3 Schematic illustration of the mesoporous Si/C nanocomposite prepared by the
magnesiothermic reduction approach [21].

Compared with the solid core-shell structure in previous reports, Cui designed and fabricated
a yolk-shell type Si/C composite

[30-31]

. This yolk-shell structure consisted of Si particles

covered by a thin, conformal, and self-supporting carbon shell with void space between them.
This structure showed excellent capacity (2833 mA h g-1 at 400 mA g-1), cycle life (1000
13

cycles with 74% capacity retention), and coulombic efficiency (99.84%). Furthermore, Cui’s
group designed a pomegranate-like structure to improve the tap density and volumetric
capacity [31] (Figure 2.4).

Figure 2.4 Schematic illustration of the pomegranate Si/C hierarchical structure. Threedimensional (a) and cross-sectional (b) images of the pomegranate Si/C structure before and
after cycling, and (c) calculated solid-electrolyte interphase (SEI) specific surface area in
contact with electrolyte, as illustrated in the inset, and the number of primary nanoparticles in
one pomegranate particle, both versus the pomegranate diameter. [31].
14

Several groups found that carbon nanotubes (CNTs) could be used as good host matrix to
improve the electrochemical performance of the Si anode [32-37]. Graphene was always used to
form the composites with Si due to its excellent properties

[38-41].

Cho fabricated a silicon

nanocomposite constructed from amorphous Si nanoparticles and a graphene skeleton in
order to improve the kinetics and cycling stability of the Si anode

[42]

(Fig. 2.5). Due to the

amorphous nature of the nanosized Si particles with size below 10 nm and the exposed
graphene surface, the anodes showed an outstanding initial coulombic efficiency of 92.5%
and a high reversible specific capacity of 2858 mA h g-1 at a current density of 56 mA g-1.
After 1000 cycles, the capacity was still maintained at around 1103 mA h g-1.

Figure 2.5 Schematic illustration of the Si -graphene nanocomposite before and after
electrochemical cycling [42].

2.1.4 One-dimensional (1D) Si and Si composites
In this part, one-dimensional silicon anodes are introduced, including Si nanowires, Si
nanowire composites, Si nanotubes, and Si nanotube composites.

Reported studies have shown that the Si nanowires (Si NWs) possess outstanding capacities
and stable cycling life, with reversible capacities as high as 3100 mA h g−1 [43]. Around
2010, new synthesis techniques for Si NWs have been developed. For example, Si NWs were
15

synthesised by a scalable and low-cost supercritical fluid-liquid-solid (SFLS) method

[44]

.

These Si NWs were coated with carbon after they were synthesised in solution, and
demonstrated reversible capacity of 1800 mA h g-1 after 100 cycles at the current density of
358 mA g-1.

Yang synthesized Si NWs on stainless steel foil by a Cu-catalysed chemical vapour
deposition (CVD) method. The as-prepared Si nanowires showed an initial coulombic
efficiency of 89% with a specific capacity of over 2000 mA h g-1 after cycling

[45]

. Emma

explored a high boiling point solvent-vapour-growth (SVG) system catalysed by tin and
obtained high density Si NW [46]. The Si NWs maintained excellent capacity of 1078 mA h g1

after 50 cycles at 1245 mA g-1.

Si NW anode was then fabricated in the form of porous structures with voids in order to
provide enough space to accommodate volume expansion. Zhou prepared porous Si
nanowires by direct etching of boron-doped Si wafers

[47]

. The nanowires presented a highly

porous structure, with pore diameter and wall thickness both around 8 nm. They delivered a
stable capacity above 2000 mA h g-1, 1600 mA h g-1, and 1100 mA h g-1 after 250 cycles at
the current densities of 2000 mA g-1, 4000 mA g-1, and 18,000 mA g-1, respectively. This
ideal performance can be attributed to the high porosity and high conductivity of the porous
Si nanowires. Jiang synthesized Si nanowire arrays (n-SNWAs) with a coral-like structure on
Cu foam via a CVD method, where the Cu foam acted as both catalyst and current collector
[48]

.

16

Figure 2.6 Schematic illustration of the synthesis of carbon coated Si nanotubes [49].

Based on researches number of reports, the Si nanotubes (Si NTs) showed better
electrochemical performance than the Si NWs. This is because the nanotubular structures
could provide a larger access area for electrolyte and additional space for volume expansion
[49-56]

.

Jung fabricated Si NTs with carbon coatings via a surface sol-gel reaction on organic
nanowires, followed by magnesiothermic reduction

[49]

(Figure 2.6). The fabricated Si NTs

showed a reversible capacity of 1900 mA h g-1 at 400 mA g-1. Chen synthesized Si NTs by
magnesiothermic reduction of silica nanotubes. They were prepared using rod-like NiN2H4 as
a template

[50]

. The prepared Si NTs showed significantly enhanced rate capability and long

cycling performance compared to commercial Si. They could maintained a capacity of 1000
mA h g-1 after 90 cycles at 0.5 C. Coffer reported porous Si NTs with porous sidewalls after
removing the ZnO nanowire template [51]. The obtained Si NTs exhibited a discharge capacity
of 3095 mA h g-1. A reversible capacity of 1670 mA h g-1 was achieved after 30 cycles.
17

2.1.5 Three-dimensional (3D) Si and its composites
As reported work indicated, low-dimensional Si has disadvantages such as the low mass
loading density. Therefore, three-dimensional Si and Si composites have attracted significant
attention from both academia and industry because they are promising for practical
applications [57-63].

Wada prepared free-standing bulk 3D nanoporous Si using a top-down process which
allowed for mass production

[64]

. The electrode had an initial capacity of around 3550 mA h

g-1 and retained over 1500 mA h g-1 after 500 cycles at the current density of 1800 mA g-1. By
further adjusting the lithiation capacity below the volume accommodation limit, the bulk 3D
Si electrode exhibited an even longer cycle lifetime and higher coulombic efficiency than the
nanoparticle-based Si electrodes.

Jiang applied acid etching on Al/Si alloy powder to obtain porous Si powder [65]. The porous
Si electrode showed the first charge and discharge capacities of 3450 mA h g-1 and 2072 mA
h g-1, respectively, at current density of 100 mA g−1. The discharge capacity retention was 66%
after 258 cycles. Based on this work, the group also modified the porous Si powder by
coating with nano-Cu through acid etching of Al/Si alloy powder followed by electroless
plating of Cu

[66]

. The porous Si coated with copper showed a capacity of 1651 mA h g-1 at

200 mA g-1 after 150 cycles. Similarly, Han prepared micro-sized porous Si material from
Fe/Si alloy by acid etching. It showed an initial coulombic efficiency of 88.1% and exhibited
good cycling stability with capacity of 1250 mA h g-1 at 500 mA g-1 after 100 cycles [67]. The
same group also synthesized microsized Si/C composites consisting of 20 nm carbon-coated
Si particles, starting from low cost Al/Si alloy through acid etching, ball milling, and a
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carbonization procedure. The unique nanoporous Si/C composite provided a capacity of 1200
mA h g-1 at a current density of 50 mA g-1, and maintained 86.8% of initial capacity after 300
cycles at the current density of 500 mA g-1, with an average loss of only 0.044% per cycle [68].
Feng further prepared porous Si/reduced graphene oxide (RGO) nanocomposite by one-pot
acid etching of Al/Si eutectic and in-situ reduced graphene oxide. The as-prepared porous
Si/RGO electrode delivered a reversible initial capacity of 2280 mA h g-1 and capacity
retention of 85%, even after 100 cycles and a capacity as high as 1521 mA h g-1 at 4000 mA
g-1

[69]

. It can be seen that the simple, low-cost and scalable acid etching method is a

promising route for a large-scale production of Si-based anode materials.

Figure 2.7 Schematic illustration of the synthesis method and lithiation/delithiation process
for hp-SiNSs [70].

Xiao reported the synthesis of hierarchical porous Si nanospheres, each composed of a porous
shell and hollow core (hp-SiNSs) from solid core/mesoporous shell SiO2 spheres

[70]

(Figure

2.7). On cycling, the hp-SiNSs accommodated the volume changes through reversible inward
Li breathing, with negligible particle-level outward expansion. The reversible specific
19

capacity reached 1850 mA h g-1 at 0.1 C (1 C = 3600 mA g-1) and was maintained above
1800 mA h g-1 after 200 cycles at C/20.

Besides the conventional porous structures, nanostructured hollow Si was also designed and
synthesized. Cui fabricated hollow Si nanospheres using solid silica nanospheres as template
[71]

(Figure 2.8). The interconnected Si hollow nanospheres exhibited an initial discharge

capacity of 2725 mA g-1 with less than 8% capacity degradation every hundred cycles for a
total of 700 cycles at 220 mA g−1. The well-designed nanoparticles with free volume in the
hollow particle interior and the porosity in the shell effectively cushioned the volume changes
and consequently improved the electrochemical performance. Xie also fabricated a hollow
porous Si (HPSi) nanocomposite coated with silver nanoparticles by magnesiothermic
reduction of hollow porous SiO2 nanoparticles

[72]

(Figure 2.9). The HPSi coated with silver

showed a reversible specific capacity of 3762 mA h g-1, capacity retention of 93% after 99
cycles, and capacity of over 2000 mA h g-1 at 4000 mA g-1. Conductive polymer was also
applied to improve the electrochemical kinetics of Si.
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Figure 2.8 Schematic illustration of the synthesis of Si hollow spheres, SEM images of SiO2
spheres (A) and SiO@/Si core-shell spheres (C); SEM (D) and TEM (E) images of Si hollow
spheres, with the corresponding selected area electron diffraction pattern in the inset of (E)
and the energy dispersive X-ray spectrum (F) [71].

Figure 2.9 Schematic illustration of the synthesis of hollow porous Si (HPSi) nanoparticles
[72]

Wang prepared polypyrrole@porous Si hollow spheres (PPy@PHSi) nanocomposite using
the magnesiothermic reduction of mesoporous silica hollow nanospheres, followed by in situ
chemical polymerization of PPy on the PHSi surface
21

[73]

. The PPy@PHSi electrode

demonstrated a reversible capacity above 2000 mA h g-1 and capacity retention of 88%
capacity after 250 cycles with respect to the capacity value of the 2nd cycle.

To avoid the use of expensive silicon nanoparticles with low tap density, micrometer-sized
silicon particles have emerged as a new family of lithium-ion battery anodes, in the form of
Li encapsulated Si microparticles (1–3 μm) with an in situ synthesized graphene cage (Figure
2.10)

[61]

. The graphene cage acted as a mechanically strong and flexible buffer during deep

galvanostatic cycling. It allowed the microparticles to expand and fracture within the cage to
retain electrical connectivity at the levels of both particles and electrode. The chemically inert
graphene cage also formed a stable solid-electrolyte interphase to minimize irreversible
consumption of lithium ions, and the coulombic efficiency was rapidly increased in the early
cycles. The reversible capacity reached 3300 mA h g-1 at 210 mA g-1 with capacity retention
of 85% after 300 cycles at 2100 mA g-1.

Figure 2.10 Schematic illustration of the fabrication of the silicon caged with in-situ
synthesized graphene [61].

2.2 New Energy Storage System (Potassium ion battery)
In order to deal with the energy crisis, more and more researchers have focused on new
energy storage systems. Despite the still significant focus on LIBs, some groups have chosen
to transition to investigating the chemistry of the potassium-ion-battery (KIB) system. Similar
to sodium, potassium is a relatively abundant element, which can be refined at much lower
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cost than lithium. Potassium, the next alkali metal after sodium, also offers a lower reduction
potential compared to sodium, allowing KIBs to operate at higher potentials, and thus
improves energy density. Other advantages are the possibility of using some well-established
electrode materials (e.g., graphite), and cheaper and more readily-available electrolyte
solutions and salts than their Li or Na analogues (KPF6) [74-77].
2.2.1 Anode Materials
Recent progress on anode materials for potassium ion batteries that operate via the alloying–
dealloying or conversion mechanism is presented as follows. McCulloch et al. studied Sb as
the negative electrode material due to the relatively low cost of Sb and its high theoretical
capacity [78]. The Sb-containing cell was tested using 1 M KPF6 in propylene carbonate (PC):
ethylene carbonate (EC) at 35 mA g−1 between 0.05–2 V, and produced a 1st discharge
capacity of around 880 mA h g−1, which was irreversible due to side reactions and SEI
formation. The subsequent cycle produced a capacity of around 650 mA h g−1, which is ~98%
of the theoretical capacity for the K3Sb alloy. A gradual decrease in capacity was observed,
with the electrode maintaining a capacity of 250 mA h g−1 after the 50th cycle with ~98%
Coulombic efficiency, making this Sb electrode one of the highest capacity KIB negativeelectrode materials available.
A Sn-C composite was capable of delivering a reversible capacity as high as 150–170 mAh
g−1 in potassium cells in the first few cycles. The capacity decreased afterward, however, and
reached the value of ~110 mA h g−1 after 30 cycles [79] (Figure 2.11). Similar to the situation
in lithium and sodium cells,[80,81] an electrode assembled with coarse Sn showed only
negligible capacity in a potassium cell as well. Follow-up studies on tin electrodes in
potassium cells were conducted by Wang et al.[82] By using a combination of X-ray
diffraction (XRD) and TEM analyses, these authors were able to pinpoint a possible final
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phase for the alloying process. The KSn composition is proposed as the final alloy in the
electrochemical alloying of tin and potassium.[82]

Figure 2.11 Evaluation of Sn-C composite electrode in potassium cells: a) XRD patterns of
the Sn-C material and a metallic Sn powder; b) a bright-field TEM image and c) an energyfiltered image with elemental contrast (contrast scheme: C-grey; Sn-bright white contrast) of
the Sn-C composite; d) cycling performances of Sn-C composite material, milled graphite,
and pure Sn at a current rate of 25 mA g−1 within a potential window of 2.00–0.01 V versus
K/K+; e) galvanostatic discharge–charge profiles of the Sn-C electrode for selected cycles; f)
XRD patterns of Sn-C electrodes after the first discharge and the first charge in potassium
half-cells.[79]
A phosphorus-based anode was reported for the first time for application in potassium-ion
batteries by Zhang et al.[75] A phosphorus–carbon composite (87.5 wt% P and 12.5 wt% C)
was been produced by mechanical ball-milling and tested in a two-terminal coin cell
configuration versus potassium metal in 0.8 M KPF6 in an EC − diethyl carbonate (DEC)
solution (1:1 by volume) as the electrolyte. While a very high potassiation capacity in excess
of 2100 mA h g−1 was recorded in the first cycle, a quick and dramatic capacity decay was
24

subsequently observed (Figure 2.12). It has been suggested that a three-electron charge
storage mechanism to form a K3−xP-type alloy (similar to the reaction mechanisms known in
lithium and sodium cells) may be in operation. The authors conclude that an electrode based
on a phase of pure phosphorus is not practical due to the observed unstable cycling behavior,
and electrodes containing alloys of phosphorus with other elements (such as Sn4P3) should be
used instead.

Figure 2.12 Electrochemical properties of Sn4P3-C composite electrodes in potassium cells: a)
XRD patterns of Sn4P3-C, Sn-C, and P-C materials; b) cyclic voltammograms of a Sn4P3-C
electrode for the first five cycles; c) galvanostatic discharge–charge profiles of a Sn4P3-C
electrode for the first three cycles; d) cycling behaviour of the Sn4P3-C, Sn-C, and P-C
electrodes in potassium half-cells at the current density of 50 mA g−1.[75]
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Han et al. investigated K2Ti8O17 as a negative electrode material in KIBs, which was
synthesized via a facile hydrothermal method and manufactured into coin cells using 0.8 M
KPF6 in 1:1 v/v% EC:DEC.[83] The cell was cycled at 20 mA g−1 within the voltage range of
0.01–3 V, producing a reversible capacity of 110.7 mA h g−1 after the 50th cycle with good
cyclability.[41] At the high current rate of 500 mA g−1, the K2Ti8O17 electrode had a capacity
of 44.2 mA h g−1, and a capacity of 107 mA h g−1 could be recovered when the current rate
was decreased back to 20 mA g−1. Cyclic voltammetry (CV) analysis showed a peak at 1.43
V in the first cycle, which was attributed to the SEI formation on the electrode.[83]
H. Gao reported a cobalt sulfide and graphene (CoS@G) composite as anode electrode for
KIBs for the first time. The composite featured interconnected quantum dots in the form of
CoS nanoclusters uniformly anchored on graphene nanosheets. The coexistence of CoS
quantum dot nanoclusters and graphene nanosheets endowed the composite with a large
surface area, a highly conductive network, robust structural stability, and excellent
electrochemical energy storage performance. An unprecedented capacity of 310.8 mA h g−1
at 500 mA g−1 was obtained after 100 cycles, with a rate capability better than for equivalent
sodium-ion batteries (SIBs). This work provides the evidence that PIBs can be a promising
alternative to SIBs, especially at high charge–discharge rates.[84]
2.2.2 Cathode Materials
Potassium ions can be considered intuitively more difficult to intercalate due to their larger
ionic size in comparison to Li and Na ions. Generally, K+ ions have much weaker Lewis
acidity compared with the other alkali metals, which is important for ion transfer in the
electrolyte and at the electrode/electrolyte interface.[85] This causes a smaller Stoke’s radius
of solvated ions, which should lead to a larger transport number and higher mobility for K+
ions. Thus, although K+ might be difficult to intercalate, it appears to be easier to transport,
generally speaking.
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An interesting feature of KIBs is the opportunity for using entirely new classes of positive
electrode materials due to potentially interesting properties of a variety of compounds for K
insertion/extraction,[86] e.g., metal–organic framework-derived compounds, such as Prussian
blue (PB) and its analogues, and organic compounds. These can be compared favourably with
more conventional classes of compounds, such as polyanionic compounds and layered
positive-electrode materials. Figure 2.13 presents the performance of the positive-electrode
materials for KIBs (developed so far), indicating their capacity and operating voltage.

Figure 2.13 Positive electrode materials, following conventions in the literature that were
studied for application in KIBs (in aqueous and nonaqueous electrolyte). They are
represented by their operating voltage versus their capacity (typically in half-cells, but note
that the current rates applied vary between the electrodes).[87-96]
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CHAPTER 3 EXPERIMENTAL

3.1 Overview
The procedure and the logical framework of this thesis work are summarized in Figure 3.1.
Materials (all-integrated Si, confined-selenium/ polyacrylonitrile (PAN) composite, fewlayered Sb2S3/carbon sheets composite) were synthesized via different kinds of preparation
techniques. The structural features and phases were characterized by a kinds of techniques,
such as X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), Raman
spectroscopy, thermogravimetric analysis (TGA), atomic force microscopy (AFM),
Brunauer-Emmett-Teller (BET) measurements, and transmission electron microscopy (TEM),
scanning electron microscopy (SEM). The electrochemical performances were measured for
LIBs and KIBs batteries. In-situ characterizations such as in-situ XRD were also conducted to
investigate the structural and morphology changes during electrochemical cycling.
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Advanced electrodes
(cathode & anode)

All-integrated Si
anode

c-PAN-Se
cathode

SBS/C anode

KIBs
Figure 3.1 Outline of the research framework, which include the preparation and
characterization, the fabrication of the cell, and the evaluation of the electrochemical
performance.

3.2 Chemicals and Materials
The chemicals and materials used in this work are listed in Table 3.1.
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Table 3.1 Chemicals and materials used in this work.
Chemicals

Formula

Purity (%)

Supplier

Silicon nanoparticles

Si

99

Sigma-Aldrich

Ethanol

C2H5OH

Reagent

Chem-Supply
Pty. Ltd.

Ethylene glycol

(CH2OH)2

99+

Sigma-Aldrich

Oleic acid

C18H34O2

99

Sigma-Aldrich

Citric acid

C6H8O7·H2O

99

Sigma-Aldrich

Sodium carbonate

Na2CO3

99

Sigma-Aldrich

Calcium chloride

CaCl2

99+

Sigma-Aldrich

Acetylene

C2H2

10

Sigma-Aldrich

Hydrochloric acid

HCl

37

Sigma-Aldrich

Selenium

Se

98+

Sigma-Aldrich

Antimony Sulfide

Sb2S3

99

Sigma-Aldrich

Ammonium hydroxide

NH4OH

28-30

Sigma-Aldrich

Polyacrylonitrile

(C3H3N)n

99

Sigma-Aldrich

Hydrofluoric acid

HF

48

Sigma-Aldrich

Carbon black

C

Super P

Timcal

(PAN)

Belgium
Polyvinylidene

(CH2CF2)n

N/A

Sigma-Aldrich

CMC

99

Sigma-Aldrich

99.5+

Sigma-Aldrich

difluoride (PVDF)
carboxymethyl
cellulose
N-methyl-2pyrrolidone (NMP)
Copper foil

Cu

N/A

Vanlead Tech

CR2032 type coin

N/A

N/A

China

cells
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Ethylene carbonate

99+

Sigma-Aldrich

99+

Sigma-Aldrich

99

Sigma-Aldrich

(EC)
Diethyl carbonate
(DEC)
Fluoroethylene
carbonate (FEC)
Propylene carbonate

PC

99

Sigma-Aldrich

Lithium metal

Li

99.9

Sigma-Aldrich

Lithium

LiPF6

99.99

Sigma-Aldrich

Potassium metal

K

99.9

Sigma-Aldrich

Potassium

KSiF6

98+

Sigma-Aldrich

hexafluorophosphate

fluorosilicate

3.3 Materials Preparation
The electrode materials included in this thesis were synthesized via several fabrication
technique as shown following. Here, the templating method, the carbonization method, the
shear exfoliation method, and the melt-quenching approach are listed, respectively. The
structural properties and morphology of materials were characterized by technologies such as
TEM, XRD, SEM, AFM etc. The preparation of the electrodes, assembly of coin-cells, and
the electrochemical tests technologies are also covered in this Chapter.
3.3.1 Templating Method
The templating methods used in this work for fabricating carbon@void@silica@silicon
(CVSS) nanospheres is illustrated in Figure 3.3.1:
1. Synthesis of CaC2O4@Silica@Silicon
All the reagents used in the present study were obtained from Sigma Aldrich.
CaC2O4@silica@silicon composites were prepared by means of a co-precipitation process.
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Activated silicon, silica@silicon (SS), was obtained through the hydrogen peroxide treatment
of commercial Si particles (50-70 nm) for 2 h. The activated particles were prepared by
filtrating and drying the treated Si. Citric acid was chosen as the chelating agent due to its
ability to solubilize a wide range of metal ions.[40] Stoichiometric amounts of CaCl2 (111mg)
and citric acid (140.1mg) were dissolved in ethanol/water (v/v = 7/1, 80 ml) solution, and the
solution was vigorously stirred for 1 h. Then, the SS nanoparticles (50 mg) were added under
stirring. The dispersion was further stirred for another 4 h to obtain a uniform suspension (a).
The pH value of suspension (a) was kept between 5 and 6, adjusted by dilute ammonia. At
same time, solution (b) was prepared by dissolving stoichiometric oxalic acid (144 mg) in
ethanol/water (v/v = 1/1, 70 ml) solution. Solution (b) was stirred continuously for 3 h. Then,
suspension (a) was slowly dropped into solution (b) with vigorous stirring. Different amounts
of SS were added in order to tune the void space between silica layer and carbon shell in
CVSS. The CVSS obtained with 50 mg of SS exhibited the best uniformity. Therefore, the
CVSS with 50 mg of SS addition was investigated in this work.
2. Carbon coating on CaC2O4@Silica@Silicon (CSS)
Briefly, the obtained CSS powder was placed in a horizontal quartz tube in a furnace. The
tube was first purged with purified flowing Ar (50 mL min-1) for 30 min and then heated to
600°C at a heating rate of 5oC min-1. When the temperature was increased to 600°C, the
decomposition reaction of CaC2O4 occurred, as described in a report:[41]
CaC2O4 (s)

∆

CaCO3 (s) + CO

(3.1)

Subsequently, acetylene was introduced into the tube at the same temperature with a flow rate
of 30 mL min-1, and these conditions were maintained for 30 min. Finally, the system was
cooled to room temperature under Ar atmosphere.
3. CaCO3 layer etching
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The

CaCO3

sacrificial

layer

was

removed

with

diluted

HCl

solution.

Carbon@CaCO3@Silica@Silicon (CCSS) powders were immersed in a dilute HCl aqueous
solution for 1 h, followed by centrifugation and washing three times with ethanol and water.
The final CVSS Si nanospheres were obtained after drying in a vacuum oven.

Etching

C2H2

Silica @ Si (SS)

CaC2O4 @ Silica @ Si (CSS)

Carbon @ CaCO3 @ SS

SiO2 Shell

CA
CA
CA

CA
CA

OH
CA

Carbon @ void @ SS (CVSS)

CA

Ca 2+

CA

Carbon Shell

Figure 3.2 Schematic diagram of the synthesis process followed by carbonization in the
furnace.
3.3.2 Carbonization Method
As for the carbonization process, the obtained products were placed in a horizontal quartz
tube in a furnace. Firstly, the tube was purged with purified Ar flow (50 mL min-1) for 30
min and then heated to 600 °C at a heating rate of 5 oC min-1. At the 600°C, acetylene was
introduced into the tube with a flow rate of 30 mL min-1 for 30 min. At last, the sample was
collected after the system was cooled to room temperature under Ar atmosphere.
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Figure 3.3 Schematic diagram of the carbonization method.
3.3.3 Shear exfoliation
Here, we employed a mixer for shear exfoliation in order to fabricate the few-layered SBS/C
composite. The instrument is composed by a frame, screen, rotor, and base plate. As in the
experimental section introduced, the mixer used was an L5M high shear laboratory mixer,
made by Silverson Machines Ltd., UK. Typical features of the mixing head (the
interchangeable, screw-on slotted disintegrating head) are the narrow gap between its rotor
and the screen, ~0.05 mm, as shown in Figure 3.4. When it is in operation, high rotor speed
(N) creating a high shear rate (γ) within the gap. In the whole exfoliation process, both
mechanical shearing and cavitation are responsible for the evolution of the size/thickness of
the particles. What is more, based on our research on the solvent effect of water, that water
can be easily intercalated into the open channel of chemicals such as Sb2S3, the
fracture/exfoliation could be happened more easily owning to the accumulated stress in Sb2S3
crystal and the outside mechanical shear force.
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Bottom View

Flat View

Rotor

Rotor

Stator

Stator

Figure 3.4 Bottom view and flat view of mixing head with indicated rotor and stator.
3.3.4 Melt-quenching approach
It is well known that highly dense polycrystalline bulks are commonly synthesized by the hot
pressing or spark plasma sintering (SPS) methods under high temperature and high pressure.
The hot-pressing and SPS systems are, however, quite expensive, and long heat treatments
are needed to obtain high quality polycrystalline bulk samples. This, to some extent, makes
thermoelectric materials less suitable for practical applications. Therefore, it is much more
attractive to find an effective fabrication method that is low-cost and time-saving.
Here, for fabricating the sulfur/selenium electrodes, in order to trap or confine the small
molecular selenium in the carbon matrix, the melt-quenching approach was employed.
Typically, PAN and selenium metal were well mixed at a given weight ratio. The samples
were then put into small tubes and sealed under vacuum. The sealed tube was heated up to
temperature above the melting point of selenium. Then, the melted selenium could diffuse
into the PAN carbon matrix.

3.4 Characterization Techniques
3.4.1 Thermogravimetric Analysis (TGA)
Thermal gravimetric analysis or thermogravimetric analysis (TGA) is a method of thermal
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analysis in which changes in physical and chemical properties of materials are measured as a
function of increasing temperature (with constant heating rate), or as a function of time (with
constant temperature and/or constant mass loss). It is mainly employed to determine the
contents of kinds of compositions inside materials from the weight increase or decrease as the
temperature is rate. In this thesis’s research work, a TGA 2000 instrument in ISEM was used
to calculate the carbon content in the different silicon composites.
3.4.2 Transmission Electron Microscopy (TEM) and Scanning Transmission Electron
Microscpy (STEM)
TEM as a microscopy technique and its work mechanism like this: when an electron beam is
transmitted through a thin specimen, it could interact with the atoms of the specimen while
passing through, resulting in the formation of an image. It can be applied to investigate the
crystal structure, morphology, and electronic structure of a specimen. Selected area electron
diffraction (SAED) is another useful technique used inside the TEM in order to know the
crystallographic of the materials. SAED can be employed to find and inspect crystal
structures and crystal defects as a diffraction technique. SAED is different from conventional
TEM due to the electron beam is focused on a size-limited spot which scans over the sample
in a raster pattern. The rastering of the beam scans across the specimen makes it suitable for
different kinds of analysis techniques such as mapping by electron energy loss
spectroscopy (EELS), energy dispersive X-ray spectroscopy (EDS), and annular dark-field
imaging (ADF). The signals from above mentioned techniques can be get simultaneously,
which allow direct correlation of the quantitative data and images. In this thesis’s involved
works, the TEM observations of the products used a JEM-2011F (JEOL, Tokyo, Japan) and a
probe-corrected JEOL ARM200F (equipped with a high resolution pole-piece, a cold field
emission gun, and a Centurio EDS detector) at 200 kV in AIIM of UOW.
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3.4.3 X-ray Powder Diffraction (XRD)
XRD is a facile and basic analytical technique mainly employed to investigate the crystal
structures and phases of materials. The desired samples need to be ground uniformly and
finely before testing. The fundamental mechanism of XRD is indicated in Figure 3.5.

Figure 3.5 Fundamental principles of XRD technique.
There is characteristic relationship between the wavelength and spacing of the crystal, and
Bragg’s law (2dsinθ = nλ) is employed to describe the diffraction from planes with spacing d,
where θ is the angle of incidence with the lattice planes, d is the distance between lattice
planes, n is any integer, and λ is the X-ray wavelength of the beam. In this thesis, A GBC
MMA X-ray generator and diffractometer with Cu Kα radiation (λ = 1.5406 Å) was used to
detect the powdered samples. The powdered material is coated uniformly on a disk holder,
and it is placed on the axis of the diffractometer at an angle θ. The detector rotates around the
diffractometer at the corresponding angle 2θ. The current and working voltage were set at 40
kV and 25 mA, respectively.
Besides, in order to examine the phase changes of the electrodes materials during the
charge/discharge cycling, synchrotron X-ray diffraction (SXRD) was used to collect the
diffraction patterns in order to confirm the crystal structure of the samples. They show higher
strength compared with a normal lab machine because synchrotron X-rays are generated by
fast electrons in accelerators. The high resolution of SXRD can make it easily to refine and
determine accurate structures of the target samples. Meanwhile, in-situ SXRD could also
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indicate the dynamic information during the phase transformations created certain factors, for
example the temperature. So, a modified coin cell shown in Figure 3.6, is used to do the insitu XRD during the electrochemical discharge/charge. The SXRD data involved in this
thesis are tested and collected in the Australian Synchrotron Powder Diffraction Beamline.

Figure 3.6 The modified components of a CR2032 coin cell for SXRD.[245]
3.4.4 Atomic Force Microscopy (AFM)
The atomic force microscope (AFM) is one kind of scanning probe microscopes (SPM) and
they are designed to measure local properties, such as height, friction, magnetism, with a
probe. To acquire an image, the SPM raster-scans the probe over a small area of the sample,
measuring the local property simultaneously. In this thesis, a commercial AFM (Asylum
Research MFP-3D) was used to measure the morphology and thickness of the SBS
nanosheets in trapping mode. An Al coated n-silicon probe with resonance frequency of 204497 kHz and force constant of 10-130 N m−1 was used in the AFM measurements.
3.4.5 Raman Spectroscopy
Raman spectroscopy as a common spectroscopic technique can observe rotational, vibrational,
and low-frequency modes. Laser light can shift up and down when it interacts with phonons
molecular vibrations, or other kind excitations. The diffenert enegy indicates information on
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the vibrational modes, and these vibrational information can suggeste the chemical bonds and
symmetry of molecules. In this thesis, Raman spectroscopy (Jobin Yvon HR800) employing
a 10 mW helium/neon laser at 632.8 nm and Raman spectra of the targets samples were
captured via mapping.
3.4.6 Scanning Electron Microscopy (SEM)
The SEM as a kind of electron microscope can uses a high energy electron beam to scan and
collect images of the target materials. The electrons can interact with the atoms derive from
the samples surface, producing signals that referring to the sample’s surface composition and
topography. In this PhD thesis, the morphology of materials were investigated with the fieldemission scanning electron microscope (FE-SEM, JEOL JSM-7500FA, 15 kV). As for the
preparation of the samples for SEM, the samples were directly pasted onto an aluminium
holder with black conductive carbon tape. In the case of less conductive sample, their
surfaces can be sputtered with a conductive layer (5-10nm) of gold or platinum to avoid overcharging.
3.4.7 X-ray Photoelectron Spectroscopy (XPS)
X-ray photoelectron spectroscopy (XPS) is kind of a surface-sensitive quantitative
spectroscopic technique. It primarily used to investigate the empirical formula, elemental
composition, chemical states and electronic states of the elements in target material. When it
is underworking, a beam of X-rays is used to interact with the material, and then numbers of
electrons and the kinetic energy produced from the top surface of the material (0-10 nm) are
monitored simultaneously, which could result in the XPS spectrums. In this thesis work, Xray photoelectron spectroscopy (XPS) analysis were carried out to characterize the chemical
bonds in samples. X-ray photoelectron spectroscopy (XPS) analysis was conducted on a VG
Scientific ESCALAB 2201XL system with aluminium Kɑ X-ray radiation
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3.5 Electrochemical Measurements
3.5.1 Electrode Preparation for LIBs/KIBs and Coin-Cell Assembly
Electrodes for electrochemical tests were produced via mixing the active materials,
carboxymethyl cellulose binder, carbon black with a weight ratio of 8:1:1, respectively.
Deionized (DI) water need to be added to the mixture during the grinding process. Then, the
slurry was coated on Coper foil and dried at 70 °C for 12 h under vacuum. After electrodes
cooling down to the room temperature in oven, the electrodes were taken out, cut down to
small pieces and surface was pressed at a pressure of 2 MPa. The mass loadings of active
materials on the Cu foil were weighted in the range of 0.5-1.0 mg cm−2. At last, CR2032
coin-type cells (Figure 3.7) were fabricated in the glove box using the fabricated electrodes as
the working electrode and porous polypropylene film as the separator. For LIBs assembled in
this thesis, Li foil was employed as the reference and counter electrode, and 1 M LiPF6 in a
mixture of ethylene carbonate (57.5 wt%) and diethyl carbonate (42.5 wt%) was used as the
electrolyte. In the case of KIBs, K foil was employed as the counter and reference electrode,
and 1 M potassium fluorosilicate (KSiF6) dissolved in ethylene carbonate (EC)/ propylene
carbonate (PC) in a volume ratio of 1:1 was employed as the electrolyte.
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Figure 3.7 Schematic illustration of half-cell assembly.
3.5.2 Cyclic Voltammetry (CV)
CV as common technique can investigate the redox reactions for the energy storage systems.
The CV gives information on the stability of the reaction products, the intermediates
participating in the redox reaction, the electron stoichiometry, the reversibility of a reaction
and the electron transfer kinetics. CV show a hysteresis curves in the absolute potential
between the cathodic peaks and anodic peaks due to the polarization caused by low diffusion
rates and the activation barrier preventing the electron transfer among the electrodes.
Typically, in the CV test, the cell potential can be scanned with a specified rate, and the
relevant current is obtained. Herein, in this thesis, the CV data were collected on a Biologic
VPM3 workstation in ISEM of UOW.
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3.5.3 Galvanostatic Charge/Discharge
Galvanostatic charge-discharge are normally performed in a constant current density in order
to study the specific capacity and cycling performance of the electrode in a certain voltage
range. Moreover, it is also an effective technique to investigate the rate capability of the
target electrodes via employing the different of current densities. The specific capacity during
charge and discharge can be regarded as the total electrons in the corresponding
charge/discharge process. The specific capacity can be calculated from the employed current
and the waste time. In this thesis, galvanostatic charge-discharge tests were performed via an
automatic battery tester system (Neware ®, China) and the galvanostatic charge/discharge
performances of the LIB and KIB were collected in air with the room temperature.
3.5.4 Electrochemical Impedance Spectroscopy (EIS)
EIS as a significant measurement technique, can be applied to estimate the internal resistance
of target electrodes and cells. The EIS technique could indicate the important information
including the ohmic resistance, charge transfer resistance, and double layer capacitance. In an
impedance spectrum, normally, it is consist of a semicircle at high frequency and a linear tail
at low frequency. Among them, the semicircle can be regarded as the charge transfer
resistance, which could reflect the double layer capacitance and the kinetic processes. The
linear tail ascribes to the diffusion of ions that from migrates from the electrolyte into the
electrode. What is more, EIS can be used to measure the apparent energy activation and ion
diffusion of the electrode. EIS data were recorded on a Biologic VPM3 electrochemical
workstation in this thesis in UOW.
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CHAPTER 4 ALL-INTEGRATED ANODE VIA INTERLINKED
CHEMICAL BONDING BETWEEN DOUBLE-SHELLED-YOLKSTRUCTURED SILICON AND BINDER FOR LITHIUM-ION
BATTERIES

4.1 Introduction
The all-integrated design concept, which integrates several process steps or several
components into one multifunctional step or one certain composite, has attracted significant
attention, and it has been widely applied in optoelectronic and microfluidic devices, sensors,
resonator systems, immunosensing systems, and energy storage devices.[1-3] Cui and coworkers reported an all integrated polyimide (PI)/Cu/PI bifunctional separator for Li dendrite
detection, which opens up the opportunity for safer battery design.[4] Nowadays, silicon (Si),
with the highest theoretical capacity of 4200 mAh g-1 among all potential electrode materials,
has been extensively investigated as the most promising anode candidate for the nextgeneration high-energy-density lithium-ion batteries (LIBs). Si anodes exhibit significant
volume changes (around 400 %) during electrochemical cycling, however, resulting in
pulverization of the particles, loss of electrical contact, rupture of the solid-electrolyte
interphase (SEI),[5-7] and consequently, rapid deterioration in their storage performance.
Hence, maintaining structural/electrode stability against large volume change is a great
challenge, but it could be realized by all-integrated design for achieving high-capacity silicon
anodes with high cycling stability.

Various nanostructured forms of Si have been designed to deal with the volume changes to
date, such as porous hollow silicon spheres,[7, 8, 9] yolk-shell and pomegranate structures,[6, 10,
11, 12]

, or conducting polymer hybrids.[13] Among them, the yolk-shell structured anode, such
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as carbon@void@silicon (CVS), is promising for maintaining structural stability with high
electrochemical performance due to the void space for volume expansion of Si without
deforming the carbon shell and SEI film. Most synthesis techniques are complex, however,
and toxic and highly corrosive hydrofluoric acid is normally used for selective etching of the
SiO2 sacrificial layer, which makes the synthesis even more difficult.

Studies have shown that the binder could play a critical role in maintaining the integrity of
the electrode, thus achieving batteries with high electrochemical performance.[14-15] A suitable
binder for Si anode must (1) be mechanically strong enough that it can reversibly buffer the
volume changes during charge/discharge cycling, (2) efficiently attach the structured
electrode composite to the current collector, (3) help in the formation of a thin and stable SEI
layer, and (4) be stable and exhibit no significant swelling in the electrolyte. For large-scale
production, a candidate binder must also be easy to produce in large quantities, compatible
with traditional electrode fabrication techniques, and inexpensive. A wide range of polymeric
binders are being explored for silicon electrodes, including synthetic polymers such as crosslinking ring-slide polyrotaxane with polyacrylic acid (PR-PAA),[16] poly(acrylic acid)
(PAA),[17]

polyimide,[18]

poly(1-pyrenemethyl

methacrylate-co-methacrylic

acid)

(PPyMAA),[19] lithium-exchanged Nafion®,[20] and catechol-conjugated alginate (Alg-C);[21]
and biopolymers such as carboxymethyl cellulose (CMC),[22] alginate,[15] and cyclodextrin,[23]
as well as combinations of these binders, such as CMC/styrene butadiene rubber,[24]
poly(acrylic acid)/ carboxymethyl cellulose,[25] and PAA/poly(vinyl alcohol).[26] Previous
reports on binder effects mainly focused on the binder’s mechanical properties and the direct
interactions between the silicon and the binder (such as hydrogen bonding, ion-dipole
interactions, covalent bonding, etc.) that could enhance the electrochemical performance of
silicon anode. However, the present improvements in the mechanical properties of the binder
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and binder/silicon interaction have not been adequate to achieve long-term durability owning
to the loss of electrode integrity resulting from insufficient mechanical strength of binder and
weak connections between the silicon and the binder.

In this work, in order to guarantee the structure/electrode stability against huge volume
changes, an all-integrated silicon anode has been designed and developed via
multicomponent interlinking among carbon@void@silica@silicon (CVSS) nanospheres and
cross-linked carboxymethyl cellulose and citric acid polymer binder (c-CMC-CA).
Specifically, double-shelled-yolk-structured silicon (carbon@void@silicon-nanospheres,
CVSS) was synthesized via a green approach, in order to effectively accommodate/buffer the
volume changes of silicon during charge/discharge cycling. The electrode integrity/structural
stability was further enhanced by developing chemical-interlinking between the doubleshelled-yolk-structured silicon and the cross-linked c-CMC-CA binder (Figure 4.1a).
Compared with the popular yolk-shelled silicon (carbon@void@silicon, CVS),[6] the
additional inner shell of silica in our double-shelled-yolk-structured silicon nanospheres
serves as a protective layer, which can prevent the pulverization of silicon to some extent and
facilitates cycling stability for charge/discharge at high current density. Moreover, unlike the
reported direct silicon/binder interaction, our all-integrated electrode was achieved by
indirect silicon/binder interaction, with chemical interlinking between carbon shells of CVSS
and the polymer binder. Based on density functional theory (DFT) calculations (Figure 1b),
we found that the binding energy (representing the binding strength) between the binder and
the carbon layer of CVSS is higher than for the direct interactions between the silicon and the
binder. As a result, the as-prepared all-integrated electrode delivers a reversible capacity of
1640 mAh g-1 after 100 cycles at a current density of 1 A g-1, and a specific capacity of 720
mAh g-1 can be maintained after 1000 cycles at 5 A g-1. Moreover, the low-cost and easily
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scaled-up fabrication technique makes this all-integrated silicon anode and robust binder
system suitable for commercial application.

4.2 Experimental Section
4.2.1 Synthesis of CaC2O4@Silica@Silicon
All the reagents used in the present study were obtained from Sigma Aldrich.
CaC2O4@silica@silicon composites were prepared by means of a co-precipitation process.
Activated silicon, silica@silicon (SS), was obtained through the hydrogen peroxide treatment
of commercial Si particles (50-70 nm) for 2 h. The activated particles were prepared by
filtrating and drying the treated Si. Citric acid was chosen as a chelating agent due to its
ability to solubilize a wide range of metal ions.[40] Stoichiometric amounts of CaCl2 (111mg)
and citric acid (140.1mg) were dissolved in ethanol/water (v/v = 7/1, 80 ml) solution and the
solution was vigorously stirred for 1 h. Then, the SS nanoparticles (50 mg) were added under
stirring. The dispersion was further stirred for another 4 h to obtain a uniform suspension (a).
The pH value of the suspension (a) was kept between 5 and 6, adjusted by dilute ammonia.
At same time, solution (b) was prepared by dissolving stoichiometric oxalic acid (144 mg) in
ethanol/water (v/v = 1/1, 70 ml) solution. Solution (b) was stirred continuously for 3 h. Then,
suspension (a) was slowly dropped into solution (b) with vigorous stirring. Different amount
of SS were added in order to tune the void space between silica layer and carbon shell in
CVSS (Figure 4.22). The CVSS obtained with 50 mg of SS exhibits the best uniformity.
Therefore, the CVSS with 50mg of SS addition was investigated in this work.
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The chemical reagents used in this work were commercially available reagents. All the
reagents used in the present study were obtained from Sigma Aldrich. All the chemicals were
used as received without further purification.
4.2.2 Carbon coating on CaC2O4@Silica@Silicon (CSS)
Briefly, the obtained CSS powder was placed in a horizontal quartz tube in a furnace. The
tube was first purged with purified flowing Ar (50 mL min-1) for 30 min and then heated to
600°C at a heating rate of 5oC min-1. When the temperature was increased to 600°C, the
decomposition reaction of CaC2O4 occurred, as described in a report:[41]
CaC2O4 (s)

∆

CaCO3 (s) + CO

(1)

Subsequently, acetylene was introduced into the tube at the same temperature with a flow rate
of 30 mL min-1, and these conditions were maintained for 30 min. Finally, the system was
cooled to room temperature under Ar atmosphere.
4.2.3 CaCO3 layer etching
The

CaCO3

sacrificial

layer

was

removed

with

diluted

HCl

solution.

Carbon@CaCO3@Silica@Silicon (CCSS) powders were immersed in a dilute HCl aqueous
solution for 1 h, followed by centrifugation and washing three times with ethanol and water.
The final CVSS Si nanospheres were obtained after drying in a vacuum oven.
4.2.4 Synthesis of core-shell Carbon@Si (CS) and Carbon@Void@Si (CVS)
The core-shell silicon nanoparticles were fabricated via the CVD method mentioned above in
section 1.2. The obtained CS particles were used in this work not only for comparison with
CVSS Si NPs in terms of electrochemical performance, but also as an active material for
investigating the binder effect.
The yolk-shell silicon nanoparticles were obtained after the CVSS NPs were washed in 10%
HF solution for 1 hour, followed by centrifugal washing and drying. With the HF treatment,
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the inner silica layers of the CVSS NPs could be removed. The electrochemical performance
of the obtained yolk-shell silicon nanospheres was investigated for comparison with the
CVSS NPs.
4.2.5 Material Characterization
The CVSS structured Si composite was analysed by field emission scanning electron
microscopy (FESEM; JEOL 7500); X-ray diffraction (XRD; GBC MMA) with Cu Ka
radiation; Raman spectroscopy (Jobin Yvon HR800) employing a 10 mW helium/neon laser
at 632.8 nm; and transmission electron microscopy (TEM; JEOL ARM-200F) with highresolution TEM (HRTEM). Thermogravimetric analysis (TGA) was performed by using a
SETARAM thermogravimetric analyser (France) in air to determine the changes in sample
weight with increasing temperature and to estimate the amount of carbon in the sample.
Fourier-transform infrared spectroscopy (FT-IR) was carried out to characterize the chemical
bonds in the electrodes and binder films. The adhesive strength of the polymeric binder with
respect to the copper foil was evaluated using a universal testing machine from Tensile &
Compression Testers (INSTRON 5943). The copper strips were cleaned with ethanol, and
then the binder solutions were spread on the strips, with the coated area 1 cm in length, 1 cm
in width, and 0.2 mm in thickness. Subsequently, two coated areas were overlapped and
bonded together. The strips were dried under vacuum at 150 oC for 2 h before measurements.
Nanoindentation and scratch tests were performed in a UMIS system equipped with a
Berkovich diamond indenter with a 100 micrometre tip (E = 1050 GPa). A constant load of 1
mN was applied during the indentation test. The scratch test was conducted with the same
load, the length of the scratch was 60 micrometres, and the speed was 30 micrometres/min.
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4.2.6 Electrochemical measurement
For the electrochemical tests on our CVSS electrode, a composite electrode was prepared by
spreading a slurry of mixed nanosized CVSS powder, composite binder or single binder, and
Super P (as a carbon additive for conductivity enhancement) (60:20:20 in weight ratio) on a
piece of Cu foil. The crosslinked binder (c-CMC-CA) containing 50 wt.% CMC and 50 wt.%
CA was formed in the Si composite electrode through a thermal condensation reaction at
150°C for 2 h. Si-based electrodes containing 20 wt. % cross-linked binder (c-PAA-CMC [28])
or the linear binder CMC were used for comparison purposes. Also, we compared different
structured silicon electrodes, including pure silicon, core-shell silicon, and yolk-shell silicon,
with our CVSS structured silicon. Testing was conducted with the same silicon content (60%)
and with the same binder (c-CMC-CA).
For investigating the binder effect of webbed binder (c-CMC-CA), working electrodes were
fabricated consisting of core-shell silicon, carbon black (CB), and the different binders (PAA,
CMC, PAA-CA, c-PAA-CMC, c-CMC-CA) in a weight ratio of 60:20:20.The weight ratio
for the composite binders was 1:1.
The coin-type half cells were assembled in an argon-filled glove box. The electrolyte was 1.0
M LiPF6 in a 3:6:1 (v/v/v) mixture of ethylene carbonate (EC), diethyl carbonate (DEC) and
fluoroethylene carbonate (FEC). After cycling, cells were carefully opened in a glove box to
retrieve their electrodes, and the electrodes were subsequently rinsed in DEC to remove any
residual LiPF6-based electrolyte, and then dried at room temperature in the glove box. The
galvanostatic charge and discharge measurements were conducted on a Neware testing
system within the voltage window of 10 mV to 2.0 V (vs. Li/Li+). Cyclic voltammetry was
performed using a Biologic VMP-3 electrochemical workstation between 0.01 and 2.0 V at a
scan rate of 0.1 mV s−1.
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4.2.7 Theoretical Calculations
The calculations were performed based on the density functional theory (DFT) approach[42]
using the DMol3 package. The Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional was adopted for generalized gradient approximation (GGA) correction.[43] Allelectron Kohn-Sham wave functions were expanded in a double numerical polarization
(DNP) basis with polarized orbitals.[44] Sampling of the irreducible wedge of the Brillouin
zone was performed with a regular Monkhorst-Pack grid of special k-points.[45] The
convergence criteria for relaxation were 1.0 × 10-5 Ha, 0.002 Ha/Å, and 0.005 Å for the
energy, gradient, and atomic displacement, respectively.
In our work, we demonstrated the chemical bonds between the carbon shell of CVSS and the
c-CMC-CA binder for the first time, which buffer the volume changes in the silicon electrode.
Unlike all reported binder systems for silicon with interactions such as hydrogen bonding
interactions (SiOH-HC) or covalent bonding between the Si and the binder (SiO-OC), our
condensation bonding (CO-OC) between the composite and binder has the highest binding
energy for facilitating the stability of the electrode. In order to understand the bonding
strength between the CVSS and binders or between the silicon and binders, G (5×5) and Si
(111) (3×3) surface supercell models with one atomic layer thickness were first constructed
to simulate the surfaces of the carbon layer and the silicon particles in the experiments, as
shown in Figure S12a-b, respectively. The vacuum layer thickness of the G surface was set to
20 Å to avoid coupling between the adjacent layers. Then, GO-OCH3, SiO-OCH3, and SiOHH3COOCH3 models were further constructed to simulate the condensation bonding between
the carbon shell of the composite and c-CMC-C, the covalent bonding between the Si and the
binder, and the hydrogen bonding between the Si and the binder. Their optimized structures
are shown in Figure S12c-d.
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The binding energy, Eb, of the three models, which corresponds to the strength of bond
breaking, as shown in Figure S12f, is calculated using the following Eqs. (1)-(3), respectively,
Eb (GO-OCH3) = [Etot (OCH3) + Etot (GO) - Etot (GO-OCH3)]/A (GO-OCH3)

(1)

Eb (SiO-OCH3) = [Etot (OCH3) + Etot (SiO) - Etot (SiO-OCH3)]/A (SiO-OCH3)
(2)
Eb

(SiOH-H3COOCH3)

=

[Etot

(H3COOCH3)

+

Etot

(SiOH)

-

H3COOCH3)]/A(SiOH-H3COOCH3)

Etot(SiOH(3)

Where Etot(GO-OCH3), Etot(SiO-OCH3), and Etot(SiOH-H3COOCH3) are the total energies of
the relaxed GO-OCH3, SiO-OCH3, and SiOH-H3COOCH3 models, respectively. Etot (OCH3)
and Etot (H3COOCH3) are the total energies of the relaxed OCH3 and H3COOCH3 molecule
models, respectively. A(GO-OCH3), A(SiO-OCH3), and A(SiOH-H3COOCH3) are the
surface areas of the relaxed GO-OCH3, SiO-OCH3, and SiOH-H3COOCH3 models,
respectively. The binding energies Eb of the three models are calculated to be 2.3865 eV/nm2,
1.1684 eV/nm2 and 0.2889 eV/nm2, respectively. The highest binding energy in our work
could explain the high mechanical properties of CVSS/c-CMC-CA electrode to some extent.
Because of the robust nature of this electrode, the stability of the electrode was maintained
during charge/discharge, and a high-performance lithium-ion battery was achieved.
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4.3 Results and Discussion
4.3.1 Fabrication and characterization of CVSS
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CA
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O
CA
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Super P

C
Delithiation
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Si
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H

Binding Energy: Eb1(CO-OCH3) > Eb2(SiO-OCH3) > Eb3(SiOH-H3COOCH3)

Figure 4.1. Proposed working mechanism of the all-integrated electrode and binding energy
calculation based on silicon/binder interaction. (a) The as-prepared double-shelled-yolkstructured silicon (CVSS) electrode with c-CMC-CA as binder, in which the chemical
bonding between CVSS and the binder, and the cross linking between CMC and CA are
graphically presented. (b) Calculation of binding energy based on the relaxed models b1 (COOCH3), b2 (SiO-OCH3), and b3 (SiOH-H3COOCH3), representing the ester linkage between
the carbon shell of CVSS and the c-CMC-CA binder, the covalent attachment between Si and
the binder, and the hydrogen bonding between Si and the binder, respectively. It is indicated
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that the binding strength between the binder and the carbon shell of CVSS (b1) is higher than
that between the binder and silicon (b2 and b3). The higher binding energy for our designed
electrodes accounts for the electrode stability and high electrochemical performance.

CVSS nanoparticles (NPs) were prepared through a modified templating method. As
illustrated in Figure 4.2 in the Supporting Information, we started with activated Si
nanoparticles (NPs), which consist of a silicon core and a silica shell obtained via H2O2
treatment. The silica shell contains large amounts of hydroxyl groups and silanol groups. In
the following reaction process, citric acid first forms chelates with Ca2+, which is adsorbed
onto the SiO2 nano-shell via both electrostatic adsorption and hydrogen bonding, facilitating
the creation of a CaC2O4 coating. In this way, we successfully synthesized calcium
oxalate@silicon (CaC2O4@Si) nanospheres in a controllable manner, wherein the Si NPs are
individually encapsulated by the CaC2O4 shell. After that, a carbon layer coating was
achieved by chemical vapour deposition (CVD), using acetylene (C2H2) as the carbon source.
The CVSS were then obtained by the removal of the calcium carbonate (CaCO3) layer
resulting from the decomposition of CaC2O4 during heat treatment, via etching in dilute
hydrochloric acid (HCl). Unlike previous methods for fabricating yolk-shell Si-based
materials, in which the SiO2 sacrificial layer was removed via highly corrosive HF etching,
the sacrificial layer of CaCO3 could be easily removed by diluted HCl solution, which is
more facile and environmental friendly compared to HF etching. After the HCl etching
treatment, a void space is formed between the silica shell and the carbon shell.
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Figure 4.2. Schematic illustration of silicon composite design.

To investigate the structural and compositional features, the CVSS were systematically
examined. Scanning electron microscope (SEM) images confirmed that the obtained CVSS
nanospheres are uniform, with diameters between 80 nm and 100 nm (Figure 4.3a-b). Figure
S2c shows the X-ray diffraction (XRD) pattern of CVSS, in which the main diffraction peaks
are at 2θ= 28.4, 47.4, 56.2, 69.2, and 79.5 o , which can be indexed as reflections of the
(111), (220), (311), (400), and (331) planes of Si crystallites (JCPDS No. 27-1402),
respectively.[27] Besides the Si phase, the peak at about 26.0o can be assigned to the (002)
planes of carbon (JCPDS No. 65-6212). In the Raman spectrum (Figure 4.3d) of CVSS, the
maximal peak at around 516 cm-1 corresponds to the characteristic peak of pure silicon, and
the two broad peaks at 1325 and 1579 cm-1 are respectively associated with the disorderinduced D band and the graphitic G band of carbon. The scanning transmission electron
microscope (STEM) images in Figure 4.4a-b reveal a yolk-shelled structure with clear void
space between the Si core and the carbon shell. From the higher resolution transmission
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electron microscope (TEM) image (Figure 4.4c), the double-shelled structure of CVSS
nanospheres could be identified with a 2.5 nm inner silica shell and an outer carbon shell 4
nm in thickness. Based on the selected specific area shown in Figure 4.4d, the area scanning
and line scanning results in Figure 4.4e-f indicate the obvious void space between the two
shells. In addition, the double-yolk-shelled particles can be visually observed from the
orderly distribution of colours in the TEM energy dispersive spectroscopy (TEM-EDS)
elemental mappings, as shown in Figure 4.4g-j.
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Figure 4.3 (a, b) SEM images of CVSS nanospheres; (c) XRD pattern, and (d) Raman
spectrum of the as-prepared CVSS nanospheres.
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Figure 4.4 Morphology and structure of CVSS electrode. STEM images of CVSS under (a)
scanning mode and (b) Z-contrast transmission mode, clearly showing the yolk-shell
structure; (c) high-magnification TEM image of CVSS; (d, e) area scanning of the indicated
specific area of a CVSS particle, (f) linear scanning of the specific area of one CVSS particle;
TEM-EDS elemental mappings: (g) for composite, (h) for carbon, (i) for oxygen, and (j) for
silicon, respectively, verifying the double-shelled yolk-shell nature of the particles with an
inner shell of silica and an outer shell of carbon.
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4.3.2 All-integrated electrode achieved via multicomponent chemical bonding
Polymer binder, one of the key components in an electrode, plays a crucial role in the
fabrication of electrodes and their electrochemical performance, especially for promoting
good cycle life and avoiding irreversible capacity loss.[11,24,25] The relative facile and low-cost
all-integrated electrode fabrication method was exploited here, and the relevant chemical
bonding between carboxymethyl cellulose (CMC) and citric acid (CA), as well as between
the binder and CVSS, are shown in Figure 4.5a-b, respectively. The condensation reaction
between the carboxylic acid groups of CA and the hydroxyl moieties of CMC occurs at
150℃ under vacuum and forms ester groups by inter-chain crosslinking. Additionally, the
free hydroxyl moieties of CMC and the carboxyl groups of the carbon shell that constitutes
the CVSS surface undergo a condensation reaction to form covalent ester bonds between the
binder and the active CVSS nanospheres. The condensation reaction between CMC and CA,
and the esterification reaction between CMC and the carbon shell of CVSS are demonstrated
by Fourier transform infrared (FTIR) spectroscopy, as shown in Figure 4.5c and Figure 4.6.
As for the bare CVSS, the observed two peaks at 1630 and 1400 cm-1 correspond to the
antisymmetric stretching and symmetric stretching of COO-,[10] indicating the existence of
carboxyl groups on the carbon shell. Peak shift in the three characteristic infrared (IR)
regions, namely, the -OH stretching, COO- antisymmetric stretching, and the symmetric
stretching bands of COO-, can be observed when CMC interacts with CVSS particles or CA
(Figure 4.5c). Specifically, there are peak shifts from 1596 cm-1 for CMC to 1590 for CMCCVSS, from 1596 cm-1 for CMC to 1580 for CMC-CA in the COO- antisymmetric stretching
band, from 1422 cm-1 for CMC to 1418 for CMC-CVSS, and from 1422 cm-1 for CMC to
1424 for CMC-CA in the COO- symmetric stretching band (Figure 4.5c1, c2). When citric
acid was introduced to CMC as a cross-linker, peaks at 1724, 1580, and 1424 cm-1 could be
observed, which is characteristic of carbonyl (-C=O) and carboxylate (O=C-O) in ester
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groups, indicating that an esterification reaction could occur between -OH of CMC and COOH of CA during heat treatment.[26,27] In addition, when CVSS were introduced into CMC
followed by heat treatment, a new peak at 1724 cm-1, corresponding to C=O stretching of
carbonyl in ester groups, was observed, demonstrating that the -OH groups of CMC could
chemically bond with carboxyl groups on the outer shell of CVSS nanospheres. This
esterification reaction could not be observed in the bare CMC sample, as evidenced by the
absence of the peak at around 1724 cm-1. FTIR is a powerful tool for revealing the chemical
bonds, and it could also extend to other cross-linked binders, which were employed for
further electrochemical performance comparisons (Figure 4.6).
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Figure 4.5 Multicomponent interlinks in all-integrated CVSS electrode. (a) Cross-linked
polymer binder (c-CMC-CA), formed by thermally induced condensation of carboxymethyl
cellulose and citric acid. (b) Chemical bonding between CVSS nanoparticles and c-CMC-CA
binder via the esterification between -COOH groups on the carbon shell and -OH groups of
CMC; (c) FTIR spectra of CMC, CMC-CA, CMC-CVSS, and CVSS. (CMC, CMC-CA, and
CMC-CVSS were all heat treated at 150℃ for 2 hours.) Insets show the details of the
indicated peaks.
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Figure 4.6 FTIR spectra of CMC-CA, PAA-CMC, PAA-CA, CA, CMC, and PAA. CA,
CMC, and PAA were heated at 80℃ under atmospheric pressure, and CMC-PAA, PAACMC, and PAA-CA were thermally annealed at 150ᵒC for 2 h under vacuum. (Inset figure is
the composite film (core-shell (CS)/c-CMC-CA) after 1 week's storage in deionized water at
room temperature, indicating that the chemical bonding enables the active core-shell silicon
nanoparticles to bind strongly with the binder.)
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4.3.3 Electrochemical performance depends on the binder and material structure
In order to investigate the effects of the binder on the electrochemical performance, a
commercially available linear binder (CMC) and cross-linked binders (c-CMC-CA and cPAA-CMC) were employed in silicon anodes with CVSS as the active material. The typical
initial charge/discharge curves of these electrodes in the range of 0.01-2 V are shown in
Figure 4.7.
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Figure 4.7 Electrochemical performance of the all-integrated electrode. (a) Discharge-charge
curves of CVSS composite at a current density of 100 mA g-1 with c-CMC-CA, c-PAA-CMC,
and CMC as binder, respectively; (b) Cycling behaviour of the CVSS electrode (Coulombic
efficiency in inset) with different binders at the current density of 1 A g-1; (c) Rate
capabilities of CVSS electrodes obtained at various charge and discharge current densities (at
0.1, 0.2, 0.3, 0.5, 1, 2, 5, and 10 A g-1) and the long-term cycling performance after rate
testing at a current density of 5 A g-1; (d) Cycling behaviour of the different structured silicon
anodes with the same content of silicon and cross-linked binder c-CMC-CA (CVS: yolkshelled silicon; CS: core-shelled silicon), with the inset figure showing the rate capabilities of
CVSS, CVS, and CS electrodes at various charge and discharge current densities from 0.1 A
g-1 to 10 A g-1; (e) The long-term cycling performance of CVSS/c-CMC-CA and CVS/cCMC-CA electrodes, with the inset images showing the morphology of CVSS and CVS
particles after 1000 cycles. The cracked areas have been highlighted by the yellow lines for
CVS particles.

The CVSS anode with c-CMC-CA binder exhibits a relatively high specific capacity and
lower irreversible capacity loss. In the cyclic voltammetry (CV) curves (Figure 4.8), two
peaks in the cathodic scan can be observed at ~1.1 V and 0.5 V, but only for the first cycle,
which can be assigned to the formation of a solid electrolyte interphase (SEI) layer due to the
decomposition of electrolyte.[32]
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Figure 4.8 Cyclic voltammetry and Nyquist plots for CVSS electrode. (a) Cyclic
voltammograms of CVSS structured Si electrode for selected cycles at a scan rate of 0.1 mV
s-1 in the voltage range of 0.0-2.0 V (b) Nyquist plots of the cells with CVSS electrodes
before (black) and after (red) 10 CV cycles.

The cells were then tested at a current density of 100 mA g-1 during the first two cycles for
activation, and then switched to a higher current density of 1 A g-1 in the subsequent cycles
(Figure 4.7b). The CVSS anode delivered an initial discharge capacity of 3263 mAh g-1,
which is higher than the theoretical capacity (around 2500 mAh g-1 calculated based on total
mass of CVSS) due to the inevitable formation of the SEI film on the nanostructured CVSS
surface. Although the coulombic efficiency of the CVSS electrode was 74% for the first cycle
(inset of Figure 4.7b), it increased rapidly to 96% at the 2nd cycle and then remained steady
above 99% after 8 cycles. The relatively low initial coulombic efficiency could be dealt with
and improved by performing pre-lithiation or surface coating, using a film-forming additive,
and building secondary structures.[33] As shown in the Figure 4.7b (inset), moreover, the
CVSS electrode with c-CMC-CA exhibits higher coulombic efficiency compared to
electrodes containing the other binders. The possible reason for this phenomenon is that the
c-CMC-CA interlinked binder provides suitable binding interactions with both the active
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material and the conductive additive, leading to the formation of a stable thin SEI film. After
100 cycles, the CVSS electrode with c-CMC-CA binder still had a high capacity of 1640
mAh g-1, which is 87.7% capacity retention relative to the third-cycle (or first-cycle at 1 A g1

) capacity of 1870 mAh g-1. CVSS anodes with c-PAA-CMC binder and CMC binder,

however, show relatively low capacity and significant capacity fading (capacity retention of
66.7% and 50%, respectively). The rate capability of the CVSS electrode is shown in
Figure.4.7c, revealing the excellent kinetics of the CVSS electrode with c-CMC-CA binder at
different current densities up to 10 A g-1. As the current density increases, a specific capacity
of 2252, 1930, 1656, 850, and 562 mAh g-1 is obtained at 0.1, 0.5, 1, 5, and 10 A g-1 for the
electrode with c-CMC-CA; while the capacities of the electrode with c-PAA-CMC as binder
are 2003, 1543, 1246, 514, and 257 mAh g-1, respectively; and the capacities of the electrode
with CMC as binder are 1592, 1308, 1146, 452, and 206 mAh g-1, respectively. The superior
cycling and rate performance of CVSS electrode with c-CMC-CA binder can be attributed to
its all-integrated structure, which is achieved via multicomponent chemical bonding.
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Figure 4.9 Electrochemical performance of the CS electrode. (a) Initial charge–discharge
profiles of core-shell silicon (CS) electrodes with thermally cured CMC-CA (c-CMC-CA),
PAA-CMC (c-PAA-CMC), PAA-CA, CMC, and PAA binder at 100 mA g-1 between 0.01
and 2.0 V versus Li/Li+. (b) Li extraction capacity versus cycle number for the CS electrodes
at a current density of 1 A/g. (c) Discharge capacity of silicon anodes with different binders
for various current densities (from 0.1 A to 10 A) (d) Charge-discharge curves at different
cycles (1st, 50th, 100th, 150th, 200th, 500th ) with c-CMC-CA binder at current density of 1 A g1

This robust electrode structure with interlinking of the binder/active material can be applied
to other structured silicon anodes, such as core-shelled silicon (CS). The CS electrode with
cross-linked c-CMC-CA binder delivered a reversible capacity of 1600 mAh g-1 after 150
cycles at a current density of 1 A g-1, nearly twice the capacity of CS electrode with
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conventional CMC binder (Figure 4.9). The excellent cycling stability and rate performance
are attributed to the high structural stability of the CS electrode with interlinked c-CMC-CA
binder, which demonstrated by no obvious electrode surface cracks, as can be seen from the
SEM images (Figure 4.10). It is also found that the Li ion diffusion coefficient for the
electrode with c-CMC-CA binder is slightly higher than for the electrodes with other binders
(Figure 4.11, Table 4.1). In order to present the superiority of our all-integrated CVSS
electrode, state-of-the-art silicon-based anodes are compared (Table 4.2, Figures 4.12, 4.13).
The comprehensive comparison not only includes electrodes that are with the novel binder
systems, but is also based on recently published reports on structured silicon/silicon
composite electrodes. In terms of high capacity and long cycling stability, although Si
pomegranates[6] and Si backboned-graphene[34] could maintain slightly higher capacities
(~1500 and 1340 mA h g-1) after 1000 cycles (at current densities of 2.1 and 3 A g-1,
respectively) than our CVSS electrode (1200 mA h g-1, at current density of 5 A g-1), the
mass loadings of their electrodes were only 0.2 and 0.3 mg cm-2, respectively, which is two
times less than for our CVSS electrode.
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Figure 4.10 Surface morphology of CS electrode after cycling. SEM images of the surfaces
of the Si@C (CS) electrodes (Si loading = 0.8−1.0 mg cm-2) containing (a) CMC, (b) PAA,
(c) PAA-CA, (d) c-PAA-CMC, and (e) c-CMC-CA before and after 200 battery cycles.
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Figure 4.11 (a) Nyquist plots of core-shell silicon electrodes (CS) using different binders at
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Table 4.1 Calculated Li ion diffusion coefficients (cm2 s-1) for different binders.

Binder

CMC

PAA

PAA-CA
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PAA-CMC

CMC-CA

Li+ Diffusion
Coefficient

2.4287E-12

1.34207E-12

2.89036E-12

4.06998E-12

1.21951E-11

Table 4.2 Comparison of the electrochemical performances of Si electrodes fabricated with
different binder systems. (CB = carbon black)
Specific
Type

Electrod

of Electrode

Binder

e Mass

Composition

Loading

Capacity

Electrode
Performance/mAh g-1

Normalized Ref.
to

Silicon/

mAh g-1
High electrode loading mass over 0.7 mg/cm2

CS:
c-CMC-CA

CMC-CA:

0.8-1.0

1795 @ 1 A/g, 100th

2564

Our

mg/cm2

1355 @ 1 A/g, 500th

1935

work

1.0-1.2

1642 @ 1 A/g, 100th

2736

Our

mg/cm2

720 @ 5 A/g, 1000th

1200

work

Si: PEDOT:PSS

0.4-1.5

1927 @ 2 A/g, 100th

1927

= 80:20

mg/cm2

2186 @ 0.5 A/g, 100th

2186

Si: PPQ

0.8

2823 @ 0.358 A/g, 50th

2823

1.1

3000 @ 0.42 A/g, 100th

3000

mg/cm2

2522 @ 0.42 A/g, 500th

2522

~1

2750 @ 0.42 A/g, 100th

2750

th

2205

CB
= 60: 20: 20
CVSS:

c-CMC-CA

CMC-

CA: CB
= 60: 20: 20

PEDOT:PSS
Conducting
Polymer
PPQ
Conducting
Polymer

2

= 70: 30

mg/cm

Si: Ca-Alginate:
Ca-Alginate

CB
= 70: 15: 15

PAA/PANI
IPN
Conducting
Polymer
PEDOT:PSS

Si:

PAA/PANI

IPN
= 60: 40
Si:

2

mg/cm

CB: ~1

2205 @ 0.42 A/g, 300

1834 @ 0.2 A/g, 100th
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1834

2

3

4

5

6

+CMC

PEDOT:PSS:

Binder

CMC = 70: 10:

mg/cm2

10: 10
1.34

PPyE
Conducting
Polymer

2

Si: PPyE

mg/cm

= 66.6: 33.3

(0.15-0.3
2

mg/ cm )

PAA-PVA

Si: CB: PAA-

gel polymer PVA
binder
CNT

2

mg/cm

= 60: 20: 20
and

PEDOT:PSS

Self-healing
Binder

Si:
CNT/PEDOT
= 57: 43
Si:

CB:

self-

healing
= 63.3: 3.3: 33.3

Meldrum’s
acid

Si: CB: binder

incorporated

= 60: 20: 20

polymer

CMC

PAA

PVDF

2.4

Si: CB: CMC
= 33: 33: 33
SiO: CB: PAA

~2
2

mg/cm

~2300 @ 0.42 A/g,
180th

1802 @ 0.42 A/g, 100th

1802

9

1600

10

300th

0.9

~500 @ 3 A/g, 50th

mg/cm2

(for

for Si

mass)

total

electrode 833

~3000 @ 0.13 A/g,

mg/cm2
0.89-1.7

7

8

mg/cm2

2.83

2300

1800

~1600 @ 0.42 A/g,

~2.26-

1800

~1800 @ 4 A/g, 50th

0.1-1.6

100th

11

3000

12

13

2

~600 @ 0.15 A/g, 50th

600

14

2150

15

2.6

700

Si: CB: PVDF

700 @ 0.1 A/g, 50th

mg/cm

2

= 80: 10: 10

= 80: 12: 8

1800 @ 0.17 A/g, 40th

mg/cm

Low electrode loading mass below 0.7 mg/cm2

Si:
Native-XG

native-XG:

CB
60: 20: 20

0.3
mg/cm

2

2150 @3.5A/g, 200th
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PEEM
Conducting
Polymer

Si: PEEM

~0.2
2

= 66.6: 33.3

mg/cm

Mussel-

Si: CB: mussel-

inspired

inspired

binder

= 60: 20: 20

Arabic gum
binder

0.2-0.3
2

mg/cm

Si: CB: Arabic
binder

3000

~2500 @ 2.1 A/g, 150th

2500

th

2000

2708 @ 0.42 A/g, 100th

2708

~2000 @ 2.1 A/g, 400

16

17

0.3
mg/cm2
for

=50: 25: 25

3000 @0.375A/g, 50th

18

silicon
~2400 @ 0.42 A/g,

PFFOMB

Si: PEEOMB

conducting

2

= 66.6: 33.3

polymer

100th

~0.3
mg/cm

2400

~2100 @ 0.42 A/g, 2100

19

650th

Native

Si:

CB:

gum

xanthan gum binder
binder

= 60: 20: 20

PANi

Si: PANi

conducting

= 75: 25

polymer

~0.3

~2400 @ 3.5 A/g, 100th

2400

mg/cm2

~2150 @ 3.5 A/g, 200th

2150

0.3-0.4

~2100 @ 0.3 A/g, 70th

2100

2

mg/cm

Hyperbranch

0.3-0.6

ed

mg/cm2

β- Si: CB: β-CDp

cyclodextrin

= 60: 20: 20

Polymer

PFM binder

for

20

21

th

1200

~1500@ 4.2 A/g, 100th

1500

~2500 @ 0.17 A/g, 30th

2500 @ 30th 23

2200 @ 0.42A/g, 180th

2200

24

~ 2000 @ 0.3A/g, 100th

2000

25

~1200 @ 1 A/g, 1000

22

silicon
Si: CB: PFM
= 50: 20: 30

0.160.23
mg/cm2

Unknown electrode loading mass

PPyMAA

Si: PPyMAA

Unknow

= 90: 10

n

c-PAA-CMC Si : CB : c- Unknow
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binder

PAA-CMC = 60 n
: 20 : 20

Alginate
binder

SiC

:

alginate

CB

:

binder

= 53 : 18 : 29
Si

:

CB

Unknow
n

1822 @ 0.42 A/g, 120th

26

:

Alginate

alginate

binder Unknow

binder

= 63.75 : 21.25 : n

1700

27

~2000 @ 2.1 A/g, 100th

2000

28

1250 @ 0.2 A/g, 80th

1250

29

1700 @ 4.2 A/g, 100th

15
PAA binder

PAA-coPVA

Si : CB : PAA = Unknow
43 : 42 : 15
Si

:

PAA-c0-

PVA : CB = 60 :
20 : 20

n
Unknow
n
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Figure 4.12 Capacities of Si-based anodes with different binders with their reported ultimate
cycling numbers. (The details can be found in Table S2, and the specific capacities are
calculated based on the weight of silicon)
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Figure 4.13 Comparison of our all-integrated silicon anode with the state-of-art silicon-based
anodes reported from 2014-2017. (Capacities are calculated based on the weight of silicon.)
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In order to understand the effects of the active materials’ structure on the electrode
performance, core-shell silicon@carbon (CS) and yolk-shell silicon@carbon (CVS)
electrodes were prepared and compared with CVSS electrode. The cells were tested at a
current density of 100 mA g-1 in the first two cycles for activation and then switched to a
higher current density of 1 A g-1 in the subsequent cycles. All of the capacity was calculated
based on the mass of active composite materials, (with thermogravimetric analysis (TGA)
indicating the silicon content in the composite, as shown in Figure 4.14) with the same
content of silicon in the whole electrode. Among the different electrodes, CVSS showed the
best capacity retention (Figure 4.7d). After 200 cycles at 1 A g-1, CVSS, CVS, and CS
exhibited capacities of 1405, 1033, and 810 mA h g-1, respectively. Rate performances of the
three electrodes were also investigated at current densities ranging from 0.1 to 10 A g-1, as
shown in the inset of Figure 4.7d. When the current density was restored to 300 mA g-1, the
specific capacity of the CVSS anode returned to 1854 mAh g-1.The enhanced capacity
retention and better rate performance of CVSS compared to CVS and CS can be ascribed to
its unique structure with an inner silica shell, an outer carbon shell, and void space between
two shells. The inner silica shell acts as a protective layer, which prevent particle cracking to
some extent; the void between the two shells can accommodate volume expansion to a certain
extent; and the carbon layer on the outside can suppress electrolyte decomposition and
enhance electron transport in the electrode, as well as providing a further buffering effect
against volume changes of the silicon and interlinking binders to enhance the performance of
the all-integrated electrode. The double-shelled yolk structure could maintain the integrity of
the silicon cores after 100 cycles at 1 A g-1 (Figure 4.15). In order to investigate the
important role of the inner layer of silica for long-term cycling stability, we have compared
the performance of the CVSS and CVS electrodes at the high current density of 5A g-1
(Figure 4e). Although reports in the literature indicate that particles 50-70 nm in size may
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keep their integrity after short-term cycling (volume expansion/shrinkage),[35] there have been
few attempts to investigate the physical mechanisms underlying the fracturing behaviour
during long-term cycling. On comparing the morphology of CVS and CVSS after 1000
cycles via ex-situ TEM (inset in Figure 4e and Figure 4.16), it was found that most silicon
cores in the CVS nanoparticles lose their original roundness of shape, some of them exhibit
sharp angles, and some of them show direct cracks, while most of CVSS nanoparticles still
maintain their spherical structure and no obvious cracks can be observed. The highlighted
dark area is the delithiated SiO2 layer with thickness of around 2.5 nm (Figure S12e), which
is consistent with the thickness of the silica layer before cycling (Figure 2c). We also
investigated the thickness of SiO2 after lithium ion insertion (Figure 4.17). From the high
magnification image of CVSS after the first discharge, the thickness of lithiated SiO2 is
determined to be around 5 nm, which is thicker than that of the SiO2 layer before cycling
(around 2.5 nm, inset in Figure 4.17d). Moreover, a previous work[35] suggested that lithiation
of sub-10-nm SiO2 leads to drastic changes in its electrochemical properties, changing it from
an electronic insulator to a conductor, and also in its mechanical properties, changing it from
a brittle material in its pure form to a material that can sustain large deformation in the
lithiated form.[36] Therefore, based on the research for silica layer for lithiation/delithiation
and reported literature, we believe that the thin silica layer could not only help to maintain the
integrity of the CVSS structure during charge/discharge cycling but also facilitate charge
transfer and prevent pulverization of silicon core to some extent. In the case of CVS, however,
after repeated expansion/shrinkage, some cracks in the silicon may occur with the possible
consequences of loss of conductivity and gradual capacity fading.
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Figure 4.14 Thermogravimetric analysis (TGA) curves of CVSS, CVS, and CS. In order to
determine the percentage of components in the composite, TGA was conducted. For the CS
and CVSS composites, the content of carbon was determined to be 10 wt% and 24 wt%,
respectively. For the CVS, since there is no silica layer on the outside of the silicon, the
silicon was already oxidized before 600 ᵒC, so the carbon content is more than 24 wt%. From
Figure 4, we find that the theoretical capacity of CVSS is around 2500 mAh g-1, so the
percentage of silicon is around 60 wt%. Considering this, the silica in the CVSS composite
could account for almost 16 wt%. (Note that the capacity contributions of carbon and silica
were neglected in this calculation.)
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Figure 4.15 Internal morphology of CVSS electrode after cycling. TEM image of CVSS
electrode with cross-linked binder c-CMC-CA after 100 cycles at current density of 1 A g-1.
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Figure 4.16 Internal morphology of CVS (a-d) and CVSS (e-h) after 1000 cycles at current
density of 5 A g-1. Crack areas have been highlighted in the images for CVS.
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Figure 4.17 TEM images of CVSS electrode after first discharge at the discharge current
density of 100 mA g-1. (a, b) morphology of CVSS after first discharge at low magnification;
(c, d) high magnification images show that the thickness of the lithiated silica layer is around
5 nm, which is almost two times thicker than the silica layer before cycling (inset in Figure
S13d).
4.3.4 Mechanical stability of electrodes and binder films
It is well-known that the mechanical properties of the binders/electrodes are crucial for
achieving high electrochemical performance. The surface morphologies of electrodes with
different binders were investigated at the same cycling stages via SEM. No obvious cracks
can be observed for the CVSS electrode with c-CMC-CA binder after 100 cycles, whereas
CVSS with c-PAA-CA and/or CMC showed microcracks over the electrode surface (Figure
4.18a-c), suggesting that CVSS electrode with c-CMC-CA as a binder has the highest
mechanical capability to tolerate the stress induced by the volume changes in Si nanoparticles
during electrochemical charge-discharge cycling. Similarly, when c-CMC-CA was applied in
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CS electrode, the surface of the CS electrode with c-CMC-CA binder shows no obvious
cracks after 200 cycles compared with CS electrode with other binders (CMC, PAA, c-PAACMC, PAA-CA) (Figure 4.11). From the high-magnification SEM image of the cycled CS
electrode with c-CMC-CA as binder, it can be observed that the particles are well connected
to each other, supporting an adhesion effect throughout cycling (Figure 4.19). Moreover, the
incorporation of CA in the CMC could increase the thermal resistance of the binder,[37] since
CA is more heat resistant than CMC or PAA. In this way, the thermal stability of the whole
electrode could be improved, which could be beneficial for the safety of batteries. The cCMC-CA binder could also be applied in other electrodes that show volume change during
electrochemical cycling, such as Sn- or P-based electrodes.
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Figure 4.18. Electrode surface morphologies and mechanical properties. SEM images of
surface morphology of CVSS electrodes after 100 cycles at 1 A g-1 with (a) c-CMC-CA, (b)
c-PAA-CMC, and (c) CMC as binder. (d) Nanoindentation force of the CVSS with c-CMCCA is lower than with c-PAA-CMC and CMC binder at a given indentation depth. (e) The
CVSS/c-CMC-CA electrode displays a higher friction coefficient than CVSS/c-PAA-CMC
and CVSS/CMC, indicating the higher binding strength of CVSS/c-CMC-CA. SEM images
of scratched CVSS/c-CMC-CA electrode surface (f) and CVSS/CMC electrode surface (g).
The SEM image of the scratched CVSS/c-CMC-CA electrode shows a smooth scratch path
with no obvious cracking.
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Figure 4.19 Surface morphology of CS electrode. SEM images of CS silicon electrode with
c-CMC-CA after 200 cycles.
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Figure 4.20. Mechanical properties of different binders. (a) Lap-shear strength curves of cCMC-CA, c-PAA-CMC, and CMC binders; (b) Schematic representation of the set-up used
to perform the adhesion tests on the binders; (c) Nanoindentation force of the c-CMC-CA
film is lower than for the c-PAA-CMC and CMC binder films at a given indentation depth.
(d) The c-CMC-CA binder displays a higher friction coefficient than the c-PAA-CMC and
CMC, indicating the higher binding strength of c-CMC-CA.

The emergence of cracks is a symptom of stress built into the electrode films due to an
inefficient release of the large instant volume changes of Si. Besides the protection/restriction
provided by the double shells, the void space between the two shells also accommodates a
certain amount of volume expansion during Li ion intercalation. Li22Si5 is the most Li-rich
phase of the Li-Si system, however, studies have shown that the final phase of lithiated Si at
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room temperature is Li15Si4, not Li22Si5, with the volume change of 310%.[38] Based on rough
calculations, the void space in CVSS is still not enough, as it only could accommodate 200%
expansion of silicon. In this case, the good adhesion and the viscoelastic properties of the
binder play an important role in dissipating the stress, effectively preventing active material
exfoliation and maintaining the integrity of the electrode. The adhesive and ductile properties
of three different binders/electrodes were therefore investigated. The lap-shear strength
curves of the c-CMC-CA, c-PAA-CMC, and CMC binders are compared in Figure 4.20a-b.
The adhesion strength of the c-CMC-CA is much higher than for the c-PAA-CMC and CMC
binders, which effectively links the CVSS and Super P carbon black, resulting in better
cyclability and lifetime performance than for the electrodes with other binders (Figure 4.7b-c).
The ductility of the electrodes and binders can be visualized and quantified via
nanoindentation and scratch tests. The nanoindentation force of the CVSS/c-CMC-CA
electrode is much lower than for the CVSS/c-PAA-CMC and CVSS/CMC electrodes at a
given indentation depth (Figure 4.18d), suggesting that the CVSS/c-CMC-CA electrode or cCMC-CA binder is less rigid. The high viscoelastic property of c-CMC-CA binder was also
demonstrated in Figure 4.20c. More viscous behaviour of a viscoelastic material (c-CMCCA) will increase the material’s ability to recover from the volume changes during cycling,
decreasing the stress accumulation, increasing the structural/electrode stability, and
eventually leading to a higher electrochemical performance. The friction coefficient during
the scratch test on the composite electrode reflects the composite nature of the laminate
electrode as well as the mechanical properties of the binder (Figure 4.18, 4.20). The friction
coefficients of the three electrodes are close because the composites are dominated (60%) by
the CVSS material. The slightly higher friction coefficient of CVSS/c-CMC-CA is consistent
with the high binding strength between CVSS and c-CMC-CA binder via chemical bonding.
The morphologies of the CVSS/c-CMC-CA and CVSS/CMC electrodes after the scratch tests
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showed drastic differences (Figure 4.18f-g). The scratch track of the CVSS/c-CMC-CA
electrode is very smooth, with very limited cracks in the electrode, while the CVSS/CMC
electrode shows major crack patterns on its scratch track. Since the scratch test simulates the
stress induced by the volume changes of the active materials,[39] the results are consistent
with those of nanoindentation testing, confirming that the CVSS/c-CMC-CA electrode has
higher mechanical ability to accommodate the stress and provides greater tolerance to the
volume changes.
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Figure 4.21 The G (5×5) (a) and Si (111) (3×3) (b) surface supercell models with one atomic
layer thickness and a vacuum layer thickness of 2 0Å; the relaxed models of GO-OCH3 (c),
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SiO-OCH3 (d), and SiOH-H3COOCH3 (e); (f) the scheme of bond breaking of the GOOCH3, SiO-OCH3, and SiOH-H3COOCH3 models for the binding energy calculations.

Figure 4.22 TEM images of CVSS particles with different void spaces obtained by adding
different amount of SS. (a-b) 60mg, (c-d) 50mg, (e-f) 40mg

4.4 Conclusion
According to the results above, the excellent electrochemical performance of the robust allintegrated silicon anode relies on synergy between the unique double-shelled yolk structure
and the covalent interlinking between the CVSS and the cross-linked binder (Figure 1).
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Although the reported CVS (yolk-shell silicon) shows promise for high-electrochemical
performance and good cycling stability, we find that the CVS may still suffer from particle
cracks after long cycling at high current density. In the case of our CVSS, one more
protective layer (silica) was introduced into the yolk-shelled silicon nanosphere structure,
which not only provides electrical conductivity in the lithiated state, but also tolerance to the
volume changes to some extent.[36] Another innovation of our work is the all-integrated
electrode created by the interlinked chemical bonding between CVSS and c-CMC-CA binder.
Based on density functional theory (DFT) calculations, it is found that the covalent bonding
(CO-OC) between the carbon shells and the binder has higher binding energy than the
reported silicon-hydrogen bonding interactions (SiOH-HC)[10] or silicon covalent bonding
with the binder (SiO-OC)[12,21] (Figure 4.1b, Figure 4.21). The unique structure of CVSS
with its carbon shell effectively takes advantage of cross-linked c-CMC-CA binder via
interlinking and forms an all-integrated electrode with strong mechanical and electrochemical
stability. The strategy for the fabrication of an all-integrated electrode can be extended to
other electrodes which suffer from large volume changes during charge/discharge cycling.

We have therefore demonstrated an all-integrated silicon anode with high capacity, good rate
capability and long-term cycling performance via synergistic effects between the double-shell
yolk-structured silicon and the robust binder system. Considering the relative facile and green
nature of the fabrication method for CVSS, and the commercial availability and the low cost
of CMC and CA, the reported all-integrated electrode may have commercial potential for the
next generation of high-energy lithium ion batteries.
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CHAPTER 5 A NEW ENERGY STORAGE SYSTEM:
RECHARGEABLE POTASSIUM-SELENIUM BATTERY

5.1 Introduction
With the spotlight on renewable energy generation and electric vehicles, the demand for
power supplies mainly based on batteries is rapidly increasing. Nevertheless, the energy
density limitations and the high-cost of Li-ion batteries are compelling researchers to explore
new battery systems. Alternative metal ion batteries based on earth-abundant metals, such as
Na

[1,2,3]

,K

[4,5,6]

, Al

[7]

, Mg [8,9,10], and Ca

[11,12]

, have attracted increasing attention recently.

Among them, although K is chemically overactive, several advantages of K anode cannot be
ignored, such as its very low redox potential compared to the other metals (Eᵒ(K+/K) = - 2.93
V, Eᵒ(Ca2+/Ca) = -2.87 V, Eᵒ(Na+/Na) = -2.71 V, Eᵒ(Mg2+/Mg) = -2.27 V vs. standard
hydrogen redox potential), abundant presence in nature, and low price. Moreover, recent
studies have shown that K metal exhibits amazing properties in metal-oxygen batteries,
having the lowest overpotential of all (less than 50 mV) [13,14]. Thus, focusing on the K-metal
ion battery may lead to next-generation batteries with high capacity and low cost in the future.

The newly reported rechargeable potassium-sulfur battery could deliver a capacity of 329.3
mAh g-1 after 50 cycles

[15]

, which is the highest capacity reported to date with potassium

metal as anode. The cycling performance of the K-S battery, however, is inadequate, due to
the production of polysulfides during cycling and the shuttle effect. Since Se and S exhibit
similar atomic, molecular, and electrochemical properties, research on Se cathode in the LiSe and Na-Se electrochemical systems has been conducted

[16-22]

, not only to pursue a high-

performance battery, but also to understand its theoretical and fundamental aspects.
Compared to S (3470 mAh cm-3), Se has a close theoretical volumetric capacity (3250 mAh
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cm-3), but more stable electrochemistry compared to S

[17]

. The Se cathode features a

theoretical gravimetric specific capacity of 675 mAh g-1, 2-5 times higher than that of the
traditional intercalation cathodes (e.g. Lithium Cobalt Oxide (LCO), Lithium Iron Phosphate
(LFP), and Lithium Nickel Cobalt Aluminium Oxide (NCA)) which offsets its deficiency in
terms of working voltage. As a result, a metal-Se battery is expected to deliver a comparable
volumetric energy density to that of a metal-S battery and a higher gravimetric specific
energy density than the metal-ion battery. In addition, the electronic conductivity of Se (1 ×
10-3 S∙m-1) is very much higher than that of S (5 × 10-28 S∙m-1) [21]. Nevertheless, Se cathode
still has many problems if we consider the K-Se system: (1) the reactivity of Se with an
potassium metal is limited due to the large size of Se; (2) soluble intermediate polyselenides
may shuttle to the anode, leading to rapid capacity fading during the discharge/charge
cycling; (3) the relatively low voltage requires an alkali-metal as anode; and (4) the K-Se
battery is a brand new battery system, so both an appropriate electrolyte and a suitable
structure for the electrode to confine the Se particles need to be explored .

In this work, a novel potassium-selenium battery with a chemically-bonded carbonizedpolyacrylonitrile (PAN)-Se (c-PAN-Se) composite as cathode material and K as anode is
introduced. The c-PAN-Se was synthesized via the direct one-step sintering of a mixture of
PAN and Se in a sealed tube, instead of the traditional two-step selenium melt-diffusion into
the porous carbon matrix. The initial bonds between C and Se in c-PAN-Se composite could
facilitate Se uniform distribution, and strictly confine the Se in the PAN-derived carbon
matrix on the atomic level. This provides a premise for the formation of smaller molecules of
Se1, which could essentially inhibit the formation of polyselenides Meanwhile, this easilyobtained porous carbonized-PAN matrix not only provide interconnected conductivity but
also limit the volume changes to avoid the pulverization of particles. K-Se batteries with the
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cathode containing small molecules of Se1 confined in the PAN-derived carbon could deliver
high reversible capacity of 1904 mAh cm-3 or 396 mAh g-1 after 100 cycles, and good cycling
performance (with 835 mAh cm-3 retained after 200 cycles at 5 C). The reaction mechanism
and the state of the selenium electrode during cycling were investigated via ex-situ X-ray
diffraction (XRD) and Raman spectroscopy, as well as by in-situ XRD analysis. It was found
that the main discharge product, K2Se, is formed after the initial bond cleavage between C
and Se, and reversible small-molecule Se1 was detected during cycling.

5.2 Experimental Section
5.2.1 Material Synthesis
The black and ultrafine chemically-bonded selenium/carbonized-PAN composite (c-PAN-Se)
was prepared by heating a mixture of polyacrylonitrile (PAN, (C3NH3)n, Aldrich) and
selenium in a weight ratio of 1:1 at 600 ᵒC for 8 h in a vacuum- sealed tube. A comparison
sample, mixed c-PAN+Se, was synthesized by physically mixing the pyrolytic
polyacrylonitrile with selenium. The pyrolytic polyacrylonitrile material (c-PAN) was
obtained under the same conditions as for c-PAN-Se, but without the Se. The Se active
matrial account for about 40% in composite, which is tested by TGA in Figure 5.3. The
composite material (c-PAN-Se) and active material (Se) loading in this work are around 0.81.2 mg cm-2 and 0.3-0.5 mg cm-2, respectively.
5.2.2 Materials characterization
The crystal structure of the powder products was examined by XRD (MMA GBC, Australia)
with Cu Kɑ radiation. Fourier-transform infrared spectroscopy (FT-IR) and X-ray
photoelectron spectroscopy (XPS) analysis were carried out to characterize the chemical
bonds in samples. X-ray photoelectron spectroscopy (XPS) analysis was conducted on a VG
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Scientific ESCALAB 2201XL system with aluminium Kɑ X-ray radiation. A JEOL JSM7500FA field-emission scanning electron microscope (FESEM) and a JEOL ARM-200F
transmission electron microscope (TEM) were used to investigate the morphologies of the
samples. Raman spectroscopy on an instrument (JOBIN YVON HR800) equipped with a
632.81 nm diode laser was used in the ex-situ analysis of the cells. A customized CR2032
coin cell for use in synchrotron X-ray powder diffraction (SXRPD) experiments was
designed and made. In-situ synchrotron X-ray powder diffraction measurements were carried
out at the Powder Diffraction beamline at the Australian Synchrotron, where the data were
collected every 8 minutes during battery cycling at 0.5899 Å (as determined using LaB6,
NIST SRM 660b)
5.2.3 Electrochemical measurements
The c-PAN-Se composite electrode was assembled in an argon-filled glove box using cointype (CR2032) cells. In order to prepare the cathode, a slurry containing 70wt% composite
material, 20wt% Super P, and 10wt% poly(vinylidene difluoride) (PVDF) was dissolved in
N-methyl-2-pyrrolidinone (NMP) solution. After that, the working electrodes were prepared
by coating the slurry onto copper foil current collector, which was then dried at 60 ᵒC for 24 h.
A solution of 1 M potassium hexafluorophosphate (KPF6) dissolved in ethylene carbonate
(EC)/ propylene carbonate (PC) in a volume ratio of 1:1 was employed as the electrolyte.
Cells with mixed c-PAN+Se and pure Se electrodes were also prepared using the same
procedure. The coin cells were galvanostatically charged-discharged from 0.7 V to 2.3 V in
potassium-selenium batteries using a Neware cell test instrument.

5.3 Results and Discussion
The c-PAN-Se composite was simply fabricated via directly heating a mixture of selenium
and PAN in a sealed tube. During the thermal treatment, the PAN was transformed into π106

conjugated ring structures and formed covalent bonds with selenium species (Figure 5.1a).
Specifically, the heat-treatment promoted the cyclization of PAN, resulting from bondcleavage of nitrile groups and then bonding of the cleaved nitrogen to the carbon in the
neighbouring groups [23]. This cyclization was accompanied by the dehydrogenation of PAN,
resulting in a π-conjugated main chain, with the production of H2Se as a by-product

[24]

.

Subsequently, at relatively high temperature (600 ᵒC), elemental selenium was turned into
selenium free radicals, which then reacted with the PAN-derived carbon matrix and formed
the final c-PAN-Se structure, in which the selenium, as shown in Figures 2b and 2c, forms
covalent bonds with the carbon atoms or selenium local domains consisting of selenium
chains of various lengths (Figure 5.1b). This possible reaction mechanism above was deduced
based on the similar reaction process reported in sulfur-based composites

[23,25,26]

. This

special covalently-bonded selenium (c-PAN-Se) results in Se that is uniformly distributed
and confined in the c-PAN matrix, which plays a significant role in the formation of
reversible small molecules of Se1 to suppress the formation of polyselenides and stabilize the
structure of the electrode materials to achieve long-term cyclability.
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Figure 5.1 (a) Reaction mechanism and changes in the molecular structure during the
carbonization of PAN and selenization between Se and c-PAN; (b) Possible molecular
structures of the as-prepared chemically-bonded selenium/carbon composite.

To confirm the reaction process and product formation of the chemically-bonded selenium
composite, several characterizations have been conducted. Figure 5.2a shows the XRD
patterns of elemental selenium, mixed c-PAN+Se, and c-PAN-Se. The pristine Se features a
trigonal structure, and the mixed sample has the same diffraction peaks as selenium.
Compared with the other samples, the c-PAN-Se has no sharp reflections, indicating an
amorphous structure. Since the formation of C-Se bonds is the key evidence for judging
whether Se has been incorporated into the PAN-based carbon matrix, Fourier-transform
infrared (FT-IR) spectroscopy was conducted to investigate the chemical bonds in c-PAN-Se.
The most distinctive signals of selenium can be found in the low wavenumber region of 400600 cm−1, with weak peaks at 580, 520, and 436 cm−1 (Figure 5.2b inset).The strong band at
436 cm−1 could be assigned to the torsional vibrations of the hexagonal rings, coupled with
the out-of-plane γ(C–Se) bending vibrations
to C-Se bending vibrations

[28,29]

[27]

. The peaks at 580 and 520 cm−1 correspond

. Clearly, these peaks verify the existence of C-Se bonds in

the c-PAN-Se. In addition, the FT-IR results also give information on the atomic
configuration of the carbon matrix. The peaks of c-PAN at 1631 and 1269 cm-1 correspond to
the symmetric stretching of C=C and C=N bonds, respectively, and the peak at 1396 cm -1
corresponds to the C-C bonds [23,30,31]. The shifting of the peaks in c-PAN-Se for the C=C and
C=N bonds suggests the incorporation of Se into the c-PAN carbon matrix. Figure 2c
presents the Se 3d XPS spectra for pristine Se and c-PAN-Se. For the pure Se, the Se 3d5/2
and 3d3/2 peaks are located at 56.1 and 55.2 eV, respectively, with a spin-orbit splitting of
0.86 eV, consistent with that of metallic selenium
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[19,32]

, while the Se 3d5/2 and 3d3/2 peaks

shift to higher binding energy in c-PAN-Se. This shift is caused by changes in the electron
cloud density of Se, indicating that the Se has formed bonds with carbon atoms in the
composite to yield selenium-containing heterocyclic compounds. There are many reports in
the literature of similar 3d peak shifts when Se is integrated with other atoms [17,19,33,34,35]. The
C 1s spectrum (Figure 5.2d) can be divided into peaks for the following bonds: sp2-type C=N
bonds (286.8 eV)[30], C=C bonds (285.6 eV)[36], C–C bonds (285 eV)[37] and sp2-type C–C
bonds (284.3 eV) [30]
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Figure 5.2 (a) XRD patterns of c-PAN-Se, mixed c-PAN+Se, and pure Se; (b) FT-IR spectra
of carbonized-PAN and c-PAN-Se, with the inset showing an enlargement of the low
wavenumber range; (c) XPS spectra of Se 3d for pure Se and c-PAN-Se; (d) XPS spectrum of
C 1s for c-PAN-Se.
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Figure 5.3 TGA profile of the obtained c-PAN-Se recorded in air at 5 ᵒC min-1. The c-PANSe sample exhibited ∼2.16% weight loss around 100°C due to moisture evaporation. The
reduction in weight before 450 ᵒC suggested that the sample contained about 39 wt %
selenium, which is consistent with the EDX results.

Transmission electron microscopy (TEM), field emission scanning electron microscopy
(FESEM), and energy dispersive X-ray spectroscopy (EDX) were employed to investigate the
morphology and element distribution of c-PAN-Se. The porous structure of c-PAN-Se with
micro- and nanoscale pores and a relatively smooth surface is displayed in Figure 5.4a-b in
the Supporting Information. No isolated islands of Se can be observed on the carbonizedPAN surface. Scanning mode and Z-contrast transmission mode images of microsized cPAN-Se are shown in Figure 5.5a-b. As in the high-resolution TEM image shown in Figure
5.5c, no fringes or any other well-ordered structure can be detected, suggesting the
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amorphous nature of the c-PAN-Se. This is consistent with the XRD results. Elemental
mapping (Figure 5.5d-f) reveals the homogeneous distribution of selenium, carbon, and
nitrogen in the composite.
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Figure 5.4 SEM (a) and high resolution SEM (b) images of synthesized c-PAN-Se; (c) EDX
spectrum of c-PAN-Se and summary (inset) of element content concluded from the average
of 10 spectra.
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Figure 5.5 (a, b) TEM images of synthesized selenium/carbonized-PAN composite (c-PANSe); (c) high-resolution TEM image of the indicated region of c-PAN-Se in (b); (d-f)
scanning TEM (STEM) images with EDX elemental mapping of carbon, nitrogen, and
selenium.

The electrochemical performance of c-PAN-Se cathodes was examined in K-Se batteries. In
the case of lithium-selenium and sodium-selenium batteries, it was reported that carbonatebased electrolyte could inhibit polyselenide formation with a single voltage plateau to avoid
the shuttle effect compared with ether-based electrolyte

[22]

. In our work, we compared two

different electrolytes (1 M KPF6 in ethylene carbonate/ propylene carbonate (EC/PC) and 1
M KPF6 in tetraethylene glycol dimethyl ether (TEGDME)) in order to choose the most
appropriate one. It was found that the pristine selenium electrode shows a more serious
shuttle effect in ether-based electrolyte than in carbonate-based electrolyte, which is
concluded from the much more obvious orange-coloured polyselenides on glass-fibre
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separators and the drastic capacity drop in the cell with ether-based electrolyte (Figure 5.6a, b,
d). Therefore, a carbonate-based electrolyte was employed for the c-PAN-Se cells. No colour
can be found on the glass fibre separator for c-PAN-Se in EC/PC electrolyte, indicating that
the shuttle effect could almost be ignored for c-PAN-Se electrode, even after long
charge/discharge cycling.
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Figure 5.6 Shuttle effect of selenium electrode: (a-b) glass fibre separators from K-Se
batteries with pristine selenium electrode and (a) EC/PC electrolyte, and (b) with TEGDME
electrolyte after 50 cycles; (c) glass fibre separator from K-Se battery with c-PAN-Se
electrode and EC/PC electrolyte after 50 cycles; (d) Cycling performance and coulombic
efficiency of pristine Se electrodes with EC/PC and TEGDME electrolyte; (e) Discharge and
charge profiles of c-PAN-Se electrode for the first 3 cycles within a wide voltage window of
0.7-2.5 V vs. K+/K. At a higher voltage, the charging curve seems endless because the
intermediate polyselenide products may shuttle to the anode and react with K metal. The
charge and discharge curves become worse with serious capacity decay in the following
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cycles. Thus, the voltage region was optimized, and 0.7-2.3 V was selected in order to
achieve better cycling performance.

In our work, the voltage region between 0.7 and 2.3 V was selected for electrochemical
testing in order to achieve better cycling performance. Figure 5.7 shows the cyclic
voltammograms (CVs) obtained at a scan rate of 0.1 mV s-1 between 0.7-2.3 V. A broad
reduction peak due to the solid electrolyte interphase (SEI) formation is observed in the initial
cathodic process with its peak value at 0.86 V, which disappears in the following cycles.
From cycle 2, two reduction peaks appear in the cathodic process, corresponding to the
reactions from small molecular Se1 to K2Se that proceeds in two stages. There is an oxidation
peak in the anodic process, corresponding to the reaction from K2Se to Se1. The voltages of
the reduction peaks are consistent with those of the two voltage plateaus in the discharge
curves (Figure 5.8c), indicating that there are two steps in the discharge process. The cycling
stability of the c-PAN-Se composite was investigated at a current rate of 0.2 C (1 C = 3246
mAh cm-3 or 675 mAh g-1) in a K-Se battery (Figure 5.8a). As for the selenium composite
electrode, the capacity is calculated based on the weight of the selenium active material. The
K-Se battery delivered a capacity of 3133 mAh cm-3 (652 mA h g-1) in the first cycle, and
then maintained a reversible capacity of 1904 mAh cm-3 (396 mAh g-1) for 100 cycles. In
contrast, the capacity of the pristine Se and physically mixed c-PAN+Se electrodes dropped
to nearly zero after the first cycle (Figure 5.8b). The c-PAN-Se electrode initially shows a
gradual increase in the specific capacity and then maintains a stable high capacity in the
following cycles. The tendency towards increasing capacity could be considered as an
activation process, in which more and more c-PAN-Se was activated and participated in the
reaction. In addition to its excellent cycling stability, the c-PAN-Se composite also shows
high rate capability in the potassium-selenium battery. As the current rate increases from 0.1
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to 2 C, the c-PAN-Se electrode at 2 C maintains capacity retention of 89% relative to the
second cycle capacity at 0.1 C in K-Se batteries. Even when charged/discharged at 10 C, it
still delivers a reversible capacity of 673 mAh cm-3. Figure 5.6d presents the
charge/discharge curve of c-PAN-Se electrode. After increasing the current density by 10
times after 10 cycles, the cell still maintains the same capacity, only with a lower flat voltage
plateau. The performance during prolonged cycling was investigated at the high current rate
of 5 C with c-PAN-Se electrode. After 200 cycles, the capacity of 835 mAh cm-3 could be
maintained, and a coulombic efficiency (CE) above 99% could be obtained after 15 cycles.
The reversible nature of the potassium-selenium battery with high cycling and rate
performance is demonstrated here. This high performance is associated with the wellconfined small-molecule Se1, which is generated from the initial chemically-bonded atomic
Se in PAN-derived carbon. The confined small molecules of Se1 instead of Se8 (Figure 5.8a)
could essentially inhibit the formation of polyselenides and account for the outstanding
cycling performance of c-PAN-Se. Similar conclusion was also reported on microporeconfined small-chain sulfur molecules and selenium confined in slit micropore carbon, which
could inhibit the formation of polysulfides/polyselenides.[17] Specifically, the small Se1
molecules can avoid the transition from Se8 to Se42 − during the initial K uptake process,
thereby preventing the formation of polyselenides (K2Sen, n = 4-8) upon discharging.
Meanwhile, the space confinement of selenium in carbon pores leads to a favourable memory
effect; viz., the in-situ formed K2Se can only be transformed to small-molecule Se1 rather
than Se8, which also inhibits the formation of polyselenides in the charging process. The
electrochemical performance of c-PAN was investigated, as shown in Figure 5.9, in order to
understand whether carbonized-PAN could contribute to the total capacity of the c-PAN-Se
composite. In the same voltage range of 0.7-2.3 V, the specific capacity of c-PAN is around
15 mAh cm-3, which can almost be ignored compared to the capacity of the c-PAN-Se.
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Figure 5.7 CV curves of the 1st, 2nd, and 3rd cycles for c-PAN-Se.
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Figure 5.8 Electrochemical performance of the c-PAN-Se composite cathode in the voltage

range of 2.3-0.7 V (vs. K+/K): (a) cycling performance and coulombic efficiency of c-PANSe composite at 0.2 C; (b) Comparison of the cycling performance and coulombic efficiency
among c-PAN-Se, physically mixed c-PAN+Se, and pure Se; (c) rate capabilities of c-PANSe from 0.1 C to 10 C; (d) Discharge/charge profiles at 0.1 C and 1 C; (e) Prolonged cycling
performance of c-PAN-Se at the rate of 5 C.
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Figure 5.9 Cycling performance and coulombic efficiency of carbonized-PAN in the voltage
range from 0.7 to 2.3 V.

To further analyse the electrochemical process or reaction mechanism in rechargeable K-Se
batteries, ex-situ XRD with λ = 0.5899 Å was conducted to determine the reaction products
between selenium and potassium (Figure 5.10a). After the third full discharge to 0.7 V vs.
K/K+, it can be seen that the main peaks at around 12.5ᵒ, 14.6ᵒ, and 21.6ᵒ are consistent with
the standard pattern of K2Se [CIF number: 60440], while the weak peaks located at 13.1ᵒ,
13.5ᵒ, and 18.7ᵒ correspond to K2Se2 [CIF number: 73172]. It could be concluded that the
main product of the fully discharged selenium electrode is K2Se. The selenium usually shows
low reactivity with potassium metal in liquid electrolyte, which leads to an incomplete
reaction between Se and K to produce K2Se2. This is analogous to the case of Na-S and K-S
batteries, where Na2Sx and K2Sx (x ˃ 1) are the discharge products
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[38, 15]

. Interestingly, a

small peak associated with trigonal Se (Se1, P3121) was detected (Figure 5.10a) with a
trigonal structure of 4 zig-zag pillars at the corners (Figure 5e), indicating the cleavage of the
C-Se bonds and the formation of small selenium molecules. Ex-situ Raman spectra are
presented to confirm this assumption, as shown in Figure 5.10b. After the first charge, a new
small peak at around 237 cm-1 was detected, which is characteristic of trigonal selenium.
Based on the above XRD and Raman spectroscopy, we can conclude that the C-Se bonds
were broken, and then the selenium atoms reacted with K+ (and electrons) to form K2Se2 or
K2Se during the discharge, with the K2Se decomposing into Se1 and K+ (and electrons)
during charge (Figure 5.10c). The overall reaction is a reversible reaction: Se + 2K+ ↔ K2Se.
According

to

the

electrochemical

reaction

above,

the

volume

changes

during

charging/discharging can be calculated through the different densities of Se (4.81 g cm -3) and
K2Se (2.29 g cm-3). The volume expansion/shrinkage during charge and discharge is about
400%. This could be one of the reasons for the significant capacity drop of the pure selenium
electrode, even in the carbonate-based electrolyte. Compared with bulk selenium, our
uniform small-molecule confined composite exhibits excellent electrochemical performance,
with the volume change from Se1 to K2Se being well controlled in the PAN-derived carbon
matrix. This trigonal Se1 (P3121) is not only more active than the monoclinic Se8 (P121/n1),
which was reported for the Se cathode

[20]

, but also able to decrease the strain due to the less

absolute volume change during charging/discharging. In addition, with the protection of the
carbonized PAN matrix, the excellent integrity and stability of the electrode could contribute
to its outstanding long-term cycling performance. Figure 5.10d shows the contour plot
corresponding to the in-situ synchrotron XRD spectra for the c-PAN-Se electrode, alongside
the charge-discharge curves. Probably due to the incomplete reaction of Se with K, the low
loading amount of active electrode material, and the limited diffractivity of the K2Se/K2Se2
phases (as can be seen in Figure 5.10a), only the (101)/(011) reflection of trigonal Se (P3121)
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phase is clearly observed, showing good agreement with the ex-situ XRD results and
suggesting the cleavage of C-Se bonds after the introduction of K+.
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Figure 5.10 (a) High energy XRD (HEXRD) pattern of c-PAN-Se after the third full
discharge, along with the standard patterns of Se, K2Se, and K2Se2, collected with the same
wavelength of 0.5899 Å as the c-PAN-Se electrode; (b) Ex-situ Raman characterization of cPAN-Se; (c) Charge/Discharge profiles of c-PAN-Se; (d) In-situ synchrotron XRD spectra
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and the corresponding voltage profile; (e) Structural representations of the Se and K2Se
phases.

5.4 Conclusion
In summary, high-performance potassium-selenium batteries with high reversibility are
reported, with selenium confined in a porous carbonized-PAN matrix as cathode. The origin
of the superior electrochemical behaviour is the confinement of small molecule Se1 in the
PAN-derived carbon matrix, which could inhibit the formation of polyselenides. Meanwhile,
the conductive carbon matrix could also successfully deal with problems such as the large
volume changes and low conductivity of selenium. The mechanism has been proposed based
on the combination of in-situ and ex-situ XRD, the ex-situ Raman analysis, and
electrochemical testing. We have detected the formation of small-molecule selenium (Se1)
and deduced that the cleavage of the C-Se bonds occurred in the initial cycles. This is the first
fundamental research on the K-Se battery system, and, to the best of our knowledge, the K-Se
battery shows the best cycling behaviour among all the K-ion batteries reported so far.
Moreover, the outstanding cycling stability resulting from this composite, which features the
confinement of small-molecule, may be applied to other similar battery systems, such as the
potassium-sulfur battery. The relatively low voltage of the K-Se battery is the main drawback
of this system, however reasonable energy density could be achieved by improving the
capacity of the battery through optimization of the electrode composition and the electrolyte.
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CHAPTER 6 ENHANCING POTASSIUM ION BATTERY
PERFORMANCE BY FEW-LAYERED SB2S3/CARBON SHEETS
COMPOSITE AS ANODE PREPARED VIA SOLUTION-TRIGGERED
ONE-STEP SHEAR EXFOLIATION

6.1 Introduction
Two-dimensional (2D) materials have various unique physical properties, which have
prompted widespread successful application in the fields of catalysis, nanoelectronics, energy
storage and conversion, etc. In particular, 2D materials present extensive prospects for
application in energy storage and conversion due to their highly accessible surface area and
fast charge transfer kinetics, so that they have been applied in a unique strategy to
significantly enhance the rate performance of electrodes1,2. Potassium ion batteries (KIBs)
have attracted enormous attention due to their obvious advantages. Besides the abundance of
potassium resources, the relatively lower redox potential of K/K+ (−2.93 V vs. standard
hydrogen electrode) than that of Na/Na+ (−2.71 V), implies that potassium ion batteries could
have a high voltage plateau and high energy density. Due to the large size of the K ion,
however, the insertion of K+ into electrode materials is hindered, resulting in their relatively
low capacity and poor cycling performance. The research on KIBs is still at an early stage,
with the electrochemical reaction mechanism of most electrode materials unclear, and only a
few cathode materials (such as Prussian blue3, KxMnFe(CN)64, confined selenium (c-PANSe)5) and anode materials (graphite/carbon6,7,8,9, Sn4P3/C10,11) could present reasonable
capacity, although the cycling stability for all of them is far away from practical application.
Therefore, further exploration of suitable electrode materials with high reversible capacity as
well as good rate performance and excellent cycling stability is of great importance, and
could possibly be achieved via the design and fabrication of 2D structured materials.
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Among all the Sb-based anode materials, antimony trisulfide (Sb2S3) has drawn extensive
attention12,13, owning to its higher reversible theoretical capacity (946 mAh g-1) compared to
that of Sb anode (660 mAh g-1) due to its theoretical accommodation of 12 moles of Li+ or
Na+ ions per Sb2S3 mole. Better mechanical stability is also expected for Sb2S3 due to its
smaller volume changes during charge/discharge than those of Sb anode. Moreover, the
reversibility of sulphides is better than those of oxides (Sb2O3, Sb2O4), resulting in relatively
better cycling stability14.Improvement of the cycling stability and rate performance of Sb2S3
is necessary, however, to meet the requirements for real applications because of the
unavoidable volume changes and limited ion/charge transfer. The bulk Sb2S3 crystal has a
layered structure with zig-zag sheets parallel to the b-axis, which makes the fabrication of 2D
Sb2S3 possible. As far as we know, however, there has been no report on the electrochemical
behaviour of 2D Sb2S3 so far.
Exfoliation of layered bulk crystals to obtain monolayer or few-layer flakes has been a crucial
technique in the fabrication of 2D materials15, and it has been the primary technique in the
synthesis of high quality flakes for various applications. Among all the exfoliation
techniques, high-shear mixing is a more effective approach than sonication for the large-scale
fabrication of graphene16 and other two-dimensional materials (MoS2 nanosheets17, fewatomic-layered LiCoO2 material2), which could be a feasible and promising approach for
industrial scale applications. Although this technique is promising, the challenges are still
there, such as the relatively unclear mechanism of shear-exfoliation and whether it is
applicable to other layered structured materials.
In this study, the few-layered antimony sulphide/carbon sheet (SBS/C) anode is prepared via
solution-triggered one-step high-shear exfoliation in order to boost the electrochemical
performance of potassium ion batteries. The fatal issue of huge volume changes in Sb2S3
during electrochemical cycling could be solved by the design and fabrication of few-layered
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SBS/C anode, while the poor electrical conductivity of Sb2S3 can be improved by
incorporation of carbon via in-situ carbonization in an ethanol-containing solvent. Moreover,
the detected by-product S after cycling indicates that the irreversible conversion of SBS to S
could be another reason for failure of SBS anode in KIBs, which could be overcome by the
trapping effect of carbon sheets. In addition, the solvent effect on the exfoliation is also
studied in order to optimize the structure and constitution of SBS/C composite. Based on
density functional theory (DFT) calculations, the lower diffusion barrier of water than ethanol
along the [010] direction of SBS crystal could give a pathway for facilitating exfoliation.
Meanwhile, the ethanol in the solvent provides the carbon source for in-situ carbonization.
Ultimately, by employing a mixture of water (W) and ethanol (E) in a certain ratio as the
exfoliation solvent, the as-prepared SBS/C (E/W = 2:1) composite anode delivered a specific
capacity of 404 mA h g-1 after 200 cycles (at a current density of 500 mA g-1) and presented
outstanding rate capability with 76% capacity retention at current densities from 50 mA g-1 to
500 mA g-1.

6.2 Experimental Section
6.2.1 Material Synthesis
Shear Exfoliation: SBS and SBS/C were synthesized via a modiﬁed shear-exfoliation method
using the commercial bulk materials2. The L5M high shear laboratory mixer that was
employed is made by Silverson Machines Ltd., UK. Typically, the screw-on slotted and
interchangeable disintegrating head equips a rotor with 30 mm in diameter. The gap between
the head screen and rotor is about 0.05 mm (illustrated in Supplementary Fig. 25). When it is
in operation, the high rotor speed (N) creates a high shear rate (γ) within the gap. More
specifically, in synthesis, the bulk SBS (5 g) was put into a beaker (250 ml) containing
ethanol, water, or a mixed solution of ethanol and water (1:1, 2:1, 6:1, 8:1, 16:1, 32:1) (total
127

volume of 200 ml). The mixtures were kept at room temperature for 2 h before exfoliation.
Then, the mixer head was lowered, immersed in the solution, and then rotated at 6000 rpm
for a continuous 30 mins. During mixing, the beaker was fixed in a water bath with the initial
temperature of 20 ℃. After 24 hours of standing after mixing, the obtained dispersion was
divided into three samples (top dispersion: NS-3; middle dispersion: NS-2; bottom
dispersion: NS-1). For the SBS exfoliated in ethanol, the three separated samples were
denoted as NS-1-E, NS-2-E, and NS-3-E, while for the SBS exfoliated in water, the samples
were denoted as NS-1-W, NS-2-W, and NS-3-W. These samples were then collected via
filtration. In the case of the sample collection from the mixed exfoliation solution, the
procedure was similar, but collection was only done from the top of the dispersion for
filtration. For the two-step exfoliation, different thicknesses of SBS in water were fabricated
with adjusting the rotation rate (4000, 5000, 6000, 7000 rpm) (SBS 4000, SBS 5000, SBS
6000, SBS 7000). Then, the solution product of SBS 6000 was chosen as target sample, and
different amounts of ethanol (ethanol/water ratio: 1:1, 4:1, 16:1) were added for step-two
exfoliation.
6.2.2 Materials characterization
The microstructure /morphology of the as-prepared Sb2S3 bulks and nanosheets was
investigated by XRD (GBC MMA) with Cu Kα radiation; ﬁeld-emission scanning electron
microscopy (FESEM) (JEOL 7500); TEM (JEOL ARM-200F) with high-resolution TEM
(HRTEM), and Raman spectroscopy (Jobin Yvon HR800) employing a 10 mW helium/neon
laser at 632.8 nm. A commercial AFM (Asylum Research MFP-3D) was used to measure the
morphology and thickness of the SBS nanosheets in trapping mode. An Al coated n-silicon
probe with resonance frequency of 204-497 kHz and force constant of 10-130 N m−1 was
used in the AFM measurements. For synchrotron X-ray powder diffraction, a specially
modified CR2032 coin cell was used with holes on both sides. In-situ synchrotron XRD
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measurements were then performed at the Powder Diffraction beamline (Australian
Synchrotron), and the XRD patterns were conducted at 0.688273 Å (determined using LaB6,
NIST SRM 660b).
6.2.3 Electrochemical measurements.
The commercial SBS, exfoliated SBS and SBS/C electrodes were assembled in a glove box
into coin cells (CR2032). For the anode preparation, a slurry containing 60wt% active
material, 20wt% Super P, and 20wt% carboxymethyl cellulose (CMC) was dissolved in an
aqueous solution. Then, the working electrodes were prepared by coating the slurry on a
copper foil current collector and drying it at 70 ᵒC for 12 h. The loading mass of the active
materials (SBS or SBS/C) was around 1 mg cm-2. 1 M potassium fluorosilicate (KSiF6) in
ethylene carbonate (EC)/ propylene carbonate (PC) (1:1 V/V) was applied as the electrolyte.
The as-fabricated coin cells were charged and discharged in the voltage range of 0.01-2 V for
the SBS anode using a Neware instrument.
6.2.4 Theoretical Calculations
The calculations were performed based on the density functional theory (DFT) approach43
using the DMol3 package. The exchange-correlation interaction was tested by using the
generalized gradient approximation (GGA) with the Perdew-Wang 91 (PW91) function44.
The double numerical basis with polarized orbital (DNP) was specified as the atomic orbital
basis set45. The Brillouin zone was sampled using the Monkhorst-Pack grid of special kpoints46. The convergence tolerances of energy, the maximum force, and the maximum
displacement were 1.0 × 10-5 Ha, 0.002 Ha/Å, and 0.005 Å for, respectively.

Specifically, in order to understand the difference of water and ethanol in the ability of
exfoliating Sb2S3, the Sb2S3(010) surface model with five atomic layer thickness were firstly
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constructed based on the relaxed Sb2S3 crystal cell model. The bottom two layer atoms were
fixed, and the vacuum space of G surface was set as 20Å to avoid coupling between the
adjacent layers. Then, the adsorption and diffusion behaviours of single water or ethanol
molecule on Sb2S3 (010) surface were investigated.

The adsorption energies of single water and ethanol molecule on Sb2S3(010) surface were
calculated by Eq. (1) and (2), respectively.
Eads [Sb2S3(010)+H2O] = Etot [Sb2S3(010)+H2O] - Etot [Sb2S3(010)] - Etot (H2O)

(1)

Eads [Sb2S3(010)+C2H6O] = Etot [Sb2S3(010)+ C2H6O] - Etot [Sb2S3(010)] - Etot (C2H6O)

(2)

where Etot [Sb2S3(010)+H2O] and Etot [Sb2S3(010)+ C2H6O] refer to the total energies of
Sb2S3(010) surface with single water or ethanol molecule adsorption. Etot [Sb2S3(010)] refers
to the total energies of clear Sb2S3(010) surface. Etot (H2O) and Etot (C2H6O) refer to the total
energies single water or ethanol molecule. The calculated results (presented in Figure 2d)
indicated that water tend to be more easily adsorbed on the (010) interface of Sb2S3 than
ethanol.
Then, the diffusion energy barriers of water and ethanol molecules were further calculated by
adopting the linear synchronous transit/quadratic synchronous transit (LST/QST) tools. The
relaxed adsorption models of single water or ethanol molecule on Sb2S3(010) surface (see the
left models of Figure S8c-d) were set as the initial state of diffusion reaction, and the relaxed
inserting models of single water or ethanol molecule into the position between the second and
the third layer of Sb2S3(010) slabs (see the right models of Figure S8c-d) were set as the final
state of diffusion reaction. The calculated diffusion energy barriers of water molecule into
Sb2S3(010) slabs (1.26eV) is smaller than that of ethanol (2.29eV), suggesting that path along
the [010] direction is more accessible for water diffusion than ethanol.
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6.3 Results and Discussion
6.3.1 Electrochemical mechanism of SBS as anode for K+ storage and failure
mechanism
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Figure 6.1 Investigation of the electrochemical mechanism of bulk Sb2S3 (SBS) anode and
the failure mechanism. (a) In-situ synchrotron XRD patterns of Sb2S3 electrodes upon K
insertion at various potentials (left) and ex-situ SAED pattern (right) (discharged to 0.5 V)
with high-resolution image revealing weak reflections. (b) Image plots of the in-situ XRD
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diffraction patterns of the (212) reflection of Sb2S3 during the intercalation stage and
corresponding fitted peak (inset), indicating the peak shift. (c, d) TEM images of the 1st
discharge product and high-resolution TEM image of the bulk Sb2S3 after potassiation. (e)
SAED pattern of indicated area in (c). (f-i) STEM images with elemental mapping of sulphur,
potassium, carbon, and antimony. (j) Discharge capacity and columbic efficiency of bulk
Sb2S3 at different cycles. (k) Schematic illustration of pulverisation of Sb2S3 during
-

-

charge/discharge. Scale bars: 2 nm 1 (a); 0.5 µm (c); 5 nm (d); 2 nm 1 (e); 250 nm (f-i)
To understand the K-storage mechanism of Sb2S3 chemistry, the phase evolution of Sb2S3 for
KIBs during discharge/charge was studied using the combination of in-situ synchrotron X-ray
diffraction (XRD, λ = 0.6888 Å) (conducted via the Powder Diffraction Beamline at the
Australian Synchrotron), ex-situ XRD, and transmission electron microscopy/ selected area
electron diffraction (TEM/SAED) (Figure 6.1, Figure 6.2, and Figure 6.1c-i and Figure 6.3,
respectively). Figure 1a displays the corresponding XRD patterns collected at different states
in the initial discharge cycle. In stage I (OCV-0.7 V, where OCV = open circuit voltage), the
decrease in potential shown in the discharge curve in Figure 1a corresponds well with the
shifts of peaks associated with (301), (112), (400), (212), and (013) planes of Sb2S3 (PDF No.
040048897, Pnma (62)) toward lower detection angle, 2θ, suggesting the occurrence of K+
intercalation into Sb2S3. Specifically, 2D colourful contour plot using in-situ diffraction
patterns in Figure 1b shows the peak corresponding to (212) planes is shifted left and then
become weakened in intensity. When the Sb2S3 anode is discharged from 0.7 to 0.5 V, the
main peaks of Sb2S3 gradually become weakened, and two new peaks evolve at 15.17° and
15.68°, which are assigned to Sb (PDF No. 01-071-3736) and suggest the occurrence of a
conversion reaction of Sb2S3. When further discharged to 0.1 V, four new peaks are
generated at 8.4°, 13.4°, 13.7°, and 14.38°, which can be ascribed to the formation of K2S6
(PDF No. 01-083-9589) as the intermediate state; two new peaks located at 14.17° and 14.46°
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correspond to the (131) and (221) planes of K2S3 (PDF No. 04-007-0574) as a final discharge
product. At the same time, a new diffraction peak at 13.53° has developed, which can be
indexed as the (220) peak of K3Sb (PDF No. 01-078-6559). Due to the nano-crystallinity of
the intermediate products of Sb and K2S6 (Figure 6.3), the corresponding diffraction peaks
are weak and broad. In order to confirm the existence of intermediate products, ex-situ SAED
was conducted on the electrode after it was discharged to 0.5 V. As shown in the SAED
pattern (Fig. 1a), the marked spots in orange are corresponding to the Sb (101) and (002)
planes, which is consistent with the weak peaks (15.17 and 15.68°) in the synchrotron XRD
pattern, and the diffused green rings with spots belong to the K2S6 (040), which corresponds
to the peak at 13.4° in synchrotron XRD. On the basis of the in-situ and ex-situ XRD results,
we propose that in KIBs, Sb2S3 may undergo K+ intercalation reaction (1) followed by the
conversion and alloying reactions (2-3):
K+ intercalation reaction:
Sb2S3 + xK+ + xe- → KxSb2S3 x < 8

(1)

Conversion and alloying reactions:
KxSb2S3 + 2xK+ +2xe- → 2Sb +3KxS x < 2/3

(2)

2Sb + 3KxS + (8-3x)K+ + (8-3x)e- → 2K3Sb + K2S3

(3)

Ex-situ TEM after discharge and charge were also employed to investigate the morphology
and identify the phases of discharge/charge products (Figure 6.1c-i and Figure 6.4). After
conversion and alloying reactions of SBS with K ions, the discharge products show a
connected globular morphology (Figure 6.1c-d) with particle size around 20 nm (Figure 6.1d)
instead of the initial microsized bulk material (Figure 6.5). According to the electrochemical
reactions above ((1), (2), and (3)), the volume changes during charging/discharging are about
300%, calculated based on the different densities of Sb2S3 (4.64 g cm-3), K3Sb (2.24 g cm-3),
and K2S3 (2.12 g cm-3). Meanwhile, the morphology of the Sb2S3 after charge also shows
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nanosized particles with diameters around 25 nm (Figure 6.3i). The well-defined diffraction
rings shown in the selected area electron diffraction (SAED) pattern (Figure 6.1e)
undoubtedly indicate the poor polycrystalline nature of the charged product. Consistent with
the XRD characterization (Figure 1a), these rings can be satisfactorily indexed to (112)
crystal planes of the K2S3 phase (PDF No. 04-007-0574) and (220) crystal planes of K3Sb
phase (PDF No. 01-078-6559). Figure 6.1f-i and Figure 6.4d-g present energy dispersive Xray spectroscopy (EDX) elemental mapping images of discharge and charge products with
uniform distributions of the S, K, and Sb, and Sb and S, respectively. The electrochemical
performance of bulk SBS was investigated, as shown in Figure 6.6 and Figure 6.1j. It
presents a poor first cycle coulombic efficiency (around 23%) and poor electrochemical
stability (from 988 down to 184 mA g-1 after 20 cycles). The failure mechanism of
commercial bulk SBS is mainly due to the huge pulverisation during charge/discharge, as
illustrated in Figure 1k. Continuous pulverisation leads to loss of electrical contact, rupture of
the solid-electrolyte interphase (SEI), and consequently, rapid deterioration in its storage
performance. In order to deal with the problem of serious pulverisation, 2D material design
was explored and found to be an effective way to enhance the electrochemical performance
of K ion batteries.
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Figure 16.3
of commercial Sb2S3 after discharge to 0.5 V. TEM image of
0 0 Morphology
n m
commercial Sb2S3 after discharge to 0.5 V with the yellow circle indicating the selected area
for SAED in Fig. 1a. Scale bar: 100nm
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6.3.2 Few-layered SBS exfoliation and mechanism
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Figure 6.7 The characterization of exfoliated SBS and the solvent effect for exfoliation. (a)
The crystal structure of bulk Sb2S3 with cleavage tendency along b-axis ; (b) high-resolution
TEM image of exfoliated Sb2S3 with inset TEM image (b1) and FFT pattern (b2); (c)
Histograms of the thickness distribution of SBS nanosheets prepared with different solvents
(mixed ethanol and water (E/W = 2:1), pure ethanol (E), and pure water (W)), and typical
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AFM images with inset cross-sectional height profiles of SBS nanosheets obtained from
SBS/C (E/W = 2:1, c1) and SBS (W, c2); (d) XRD patterns of exfoliated Sb2S3 with different
exfoliation solvents (mixed ethanol and water (E/W = 2:1), pure ethanol (E), and pure water
(W)); (e) Adsorption energy of water and ethanol molecules on Sb2S3 (010) surface; (f)
Relative diffusion energy barrier of water and ethanol molecules diffusing along the [010]
direction from the Sb2S3 (010) surface to a position between the second and the third layers of
Sb2S3 (110) slab, calculated with DFT and presenting the diffusion transition state, initial
state, and final state with the indicated crystal structures

The orthorhombic crystal structure of Sb2S3 with Pnma phase (Figure 6.6a), is composed of
inﬁnite chains of zigzag sheets of (Sb4S6)n along the b-axis. The weak bonding between the
sheets could makes the crystal cleavable along the b-axis direction18,19. The high-resolution
TEM image of exfoliated Sb2S3 also confirms the possible cleavable direction, and Sb2S3
sheets/plates were obtained with (001) orientation (Figure 6.7b). The size and thickness of
exfoliated products were investigated via scanning electron microscopy (SEM), TEM, and
atomic force microscopy (AFM). (Figure 6.8, Figure 6.7b1, Figure 6.9, and Figure 6.7c).
From the comparison of SEM images, the average particle size of Sb2S3 obtained in ethanol is
larger than that obtained in water. Figure 6.7d shows the thickness distribution of Sb2S3
nanosheets by counting more than 60 sheets for each sample collected from top solution. For
the SBS exfoliated in water (W) and the mixed solution (E/W), the typical thickness of the
nanosheets is mainly in the range of 1-6 nm and 4-15 nm, respectively, while for the SBS
nanosheets obtained from ethanol solvent, the thickness is several times larger than that for
the samples exfoliated in water or the mixed solvent, and is in the range of 26-55 nm. The
typical AFM images and the cross-sectional height profiles conform the few-layered nature of
the SBS nanosheet structures which were exfoliated in the mixed solution (E/W = 2:1) and
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pure water (W). From the XRD pattern of Sb2S3 after exfoliation in pure ethanol, the
identified peaks are all consistent with of the standard PDF pattern, while for Sb2S3 exfoliated
in water (W) or ethanol/water solution (E/W = 2:1), as shown in Figure 6.7d, some of the
characteristic peaks are relatively weaker or even not visible, indicating smaller crystal size,
in good agreement with the thickness distribution shown in Figure 6.7c. This difference in the
peak intensity or peak disappearance in the samples could also be found in separate samples
collected from same exfoliation solution (Figure 6.10a, Figure 6.11a). The AFM results
together with XRD results indicated that the bulk Sb2S3 could be more easily exfoliated in
water or water/ethanol solution than in pure ethanol. Water may play an important role in
shear exfoliation. First principles calculations were performed to obtain further insight into
the water and ethanol dynamics and to test that hypothesis. The calculated adsorption
energies (Figure 6.7e), suggest that water tends to be more easily adsorbed on the (010)
surface of Sb2S3 than ethanol, which underpins further intercalation into the Sb2S3 crystal.
Due to the unique open crystal structure on the (010) surface of SBS crystal, H2O or
CH3CH2OH could possibly intercalate and diffuse along the [010] direction of SBS. The
diffusion barriers to water and ethanol along the [010] direction were also investigated by
first-principles calculations as shown in Figure 6.7f and Figure 6.12. The energy barriers for
water and ethanol diffusion are 1.29 and 2.26 eV, respectively, indicating that the path along
the [010] direction is more accessible for water than ethanol.
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Figure 6.8 SEM images of exfoliated SBS. (a-c) SEM images of SBS exfoliated in ethanol
from different sections of bottle (a: bottom; b: middle; c: top) (d-f) SEM images of SBS
exfoliated in water in different sections (d: bottom; e: middle; f: top) .

Figure 6.9 TEM images of exfoliated SBS. TEM images of layered SBS exfoliated from
water (a-c), mixed solution of water and ethanol (d-f), and ethanol (g-i).
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Figure 6.12 DFT calculation of diffusion energy barrier of water and ethanol in SBS. (a)
Sb2S3 crystal cell model; (b) Sb2S3 (010) surface supercell model with five atomic layer
thickness and 20 Å vacuum space; The relaxed initial and final states of H2O (c) and
CH3CH2OH (d) diffusion from the surface of SBS (010) into the position between the second
and the third layer of an Sb2S3 (110) slab along the [010] direction
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6.3.3 Carbon sheets production during exfoliation
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Figure 6.13 Characterization of carbon sheets. (a) Raman spectra of exfoliated products in
different solvents, SBS (W), SBS/C (E), and SBS/C (E/W = 2:1) compared with commercial
SBS, indicating the generation of amorphous carbon during exfoliation in ethanol-containing
solvents. (b) FTIR spectra of commercial SBS, SBS (W), SBS/C (E) and SBS/C (E/W = 2:1).
(c) XPS analysis of C 1s peaks of SBS/C (E/W = 2:1) and SBS/C (E). (d) EDS spectrum of
the indicated region in (e), indicating the carbon sheets. (e) TEM image of exfoliated SBS/C
composite (E/W = 2:1). Scale bar: 200 nm (e)

Carbonization of ethanol could be occurring during high-shear exfoliation because the
mechanical shearing and cavitation cause strong collisions between the active material and
ethanol. Raman spectroscopy was performed to understand the composition of the exfoliated
products (Figure 6.13a, Figure 6.14) and to identify the carbon component in the samples
exfoliated in ethanol-containing solvents. The peaks in the range of 200 -500 cm-1 correspond
145

to the characteristic Raman shift of Sb2S320, while, the bands between 1300-1600 cm-1 can be
regarded as a D band (at around 1400 cm-1) overlapping a G band (at around 1510 cm-1),
confirming the presence of amorphous carbon21,22. The intensity ratio of the D to the G band
(ID/IG) is 1.4 for SBS/C exfoliated in ethanol and 1.6 for SBS/C exfoliated in the mixed
solution. The higher intensity ratio for SBS/C (E/W = 2:1) indicates amorphous carbon
structure in the composite with a higher content of plane defects or lattice edges. The Fourier
transform infrared (FTIR) spectrum in Fig. 6.13b was collected to investigate the functional
groups of the Sb2S3 exfoliated in different solutions. The transmission peaks at 690 and 1030
cm-1 represent the symmetric bending of Sb-S and vibration of inorganic metal ions,
respectively23,24. Compared with the commercial SBS and layered SBS exfoliated in water,
the new peaks of the SBS/C exfoliated in ethanol-containing solvents in the range of 15001650 cm−1 are attributed to the C=C vibration25, and peaks in the range of 1000-1450 cm−1
are attributed to CO (ester, ether, or hydroxyl) stretching and OH bending vibrations 26,
respectively. The Sb 3d and C 1s XPS proﬁles of SBS/C and SBS were also obtained and
deconvoluted to understand the composition and structure of the SBS/C composite. It was
noted that the chemical state of Sb2O3 could be found for SBS exfoliated in water, with the
peaks at 531 eV and 540.4 eV27, indicating partial oxidation of Sb2S3 nanosheets, while for
samples of SBS/C exfoliated in ethanol and ethanol/water solutions, these two peaks
corresponding to Sb2O3 are absent (only 539.1 eV and 529.7 eV for Sb 3d3/2 and Sb 3d5/2 of
Sb2S3)13, suggesting that the oxide phase was not formed on the surface of Sb2S3 and that a
relatively high-purity Sb2S3 phase can be produced when exfoliated in ethanol-containing
solvent (Supplementary Fig. 6.15 a-c). As for C 1s profile, peaks due to C-C (284.4 eV) and
C=C (285.3 eV) are evident (Fig. 6.13c and Fig. 6.15d)28; these bonds are mainly from the
presence of carbon in the composite, with the content calculated to be about 90%. The
intensities of the peaks of C=O and C-O (286.5 eV), and of COOR (288.4 eV)
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29

are slightly

higher for SBS/C exfoliated in ethanol/water solution than for its counterpart exfoliated in
pure ethanol, and these functional groups evidenced in the C 1s spectrum are consistent with
the FTIR results shown in Fig. 6.13b. These results (FTIR and C 1s XPS) suggest that there
are carboxyl and hydroxyl groups on the surface of the amorphous carbon that can be
ascribed to the incomplete carbonization at a relatively low exfoliation temperature. From the
TEM and energy dispersive spectroscopy (EDS) results (Fig. 6.13 d, e and Fig. 6.16), it is
found that the carbon sheets are relatively thinner compared to the SBS sheets. In addition,
from visual inspection of the exfoliated solutions with different solvents, the exfoliated
solutions with ethanol are apparently darker than that in water (Fig. 6.17), due to the presence
of carbon.
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Figure 6.14 Raman spectrum of SBS/C composite exfoliated in different solvents
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collected at different positions for one solution, water on the left and ethanol on the right.
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6.3.4 Electrochemical property of few-layered SBS and SBS/C electrodes
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Figure 6.18 Electrochemical properties of few-layered SBS and SBS/C electrodes.
Comparison of (a) cycling performance and (b) rate performance of SBS/C (NS-1-E), SBS/C
(NS-2-E), and SBS/C (NS-3-E) electrodes, which were exfoliated and collected in ethanol.
Comparison of (c) cycling performance and (d) rate performance of layered SBS (NS-1-W),
SBS (NS-2-W), and SBS (NS-3-W) electrodes, which were exfoliated and collected in water.
(e) Discharge/charge curves at different cycles of SBS/C (NS-2-E) composite at 50 mA g-1.
Ex-situ X-ray photoelectron spectroscopy (XPS) of the S 2p peaks of (f) SBS/C (NS-2-E) and
(g) bulk SBS electrodes after the 50th charge. (h) Rate capabilities of SBS/C electrodes
exfoliated with different solvents (E/W = 1:1, E/W = 2:1, E/W = 6:1, E/W = 8:1, E/W = 16:1,
E/W = 32:1) obtained at various charge and discharge current densities (at 50, 150, 300, 500,
1000, and 2000 mA g-1) and their cycling performance after rate testing at a current density of
500 mA g-1.

Electrochemical properties of the layer-structured SBS and SBS/C anodes were investigated
in the range of 0.01-2 V (vs. K+/K). The capacities of SBS/C electrodes were calculated on
the basis of the total mass of SBS and carbon. Fig. 6.19 presents typical cyclic
voltammograms (CVs) of the few-layered SBS and bulk SBS for the initial three cycles at 0.1
mV s-1. In the first cycle of few-layered SBS (NS-3-W), three cathodic peaks at 0.78, 0.45
and 0.31 V are attributed to the intercalation process and the formation of solid-electrolyte
interphase (SEI), the conversion reaction with sulphur in SBS, and the alloying of K with Sb,
respectively, which are assigned based on in-situ XRD analysis and research on SBS anode in
lithium and sodium ion batteries12,20,30. For the following cycle, all of the peaks are almost
overlap for the few-layered SBS, suggesting good reversibility. In order to understand how
the exfoliation solvents influence the electrochemical performance of the SBS samples, the
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cycling stability and rate capability of the different SBS electrodes are compared (Fig. 6.18ab, c-d). All samples collected from ethanol in different sections (NS-1-E, NS-2-E, and NS-3E) present better cycling stability than the samples collected from water (NS-1-W, NS-2-W
and NS-3-W), mainly due to the contribution of carbon from the carbonization of ethanol.
The charge/discharge curves of SBS/C (NS-2-E) and bulk SBS at different cycles are
compared in Fig. 6.18e and Fig. 6.20. The results show that there is a new voltage plateau
(around 1.7 V) after a certain number of cycles for SBS/C accompanied by slightly increased
capacity, while for bulk SBS, there is no new voltage plateau and the capacity drops quickly.
To explore the chemical state of SBS, we analysed the S 2p peaks of the SBS/C (NS-2-E) and
bulk SBS electrode surfaces via ex-situ XPS (Fig. 6.18f-g). The two peaks of SBS/C and bulk
SBS located at 161.55 and 162.37 eV show the presence of S2- 13, while the two peaks at 169
and 170.5 eV are likely to reflect the -SO2- fragments due to the decomposition of the
bis(fluorosulfonyl)imide (FSI-) anion in the SEI film31. The high ratio/content of -SO2- on the
surface of bulk SBS after the 50th charge indicates a thicker SEI film compared with the
layered SBS/C electrode due to the continuous pulverization of bulk SBS during cycling. In
addition, it should be noted that the element sulphur was detected in both electrodes, with its
peak located at around 164 and 165 eV32, and the ratio of elemental S0 to S2- on the electrode
surface after the 50th charge are 16.5% and 9.04 % for SBS/C (E) and SBS (bulk),
respectively (Table 6.1). The high intensity of elemental sulphur in SBS/C could be ascribed
to the carbon trapping effect, in which the carbon sheets produced in SBS/C composite may
play a crucial role by trapping the polysulfides and preventing them from dissolving in
electrolyte and creating the shuttle effect during discharge/charge. Therefore, in the SBS/C
composite, the carbon sheets in composite not only increase the electrical conductivity but
also prevent the loss of active material (Sb2S3 or S). On the other hand, without the protection
of carbon sheets in bulk SBS and layered SBS (W), the by-product sulphur that is produced
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could cause the shuttle effect and capacity decay. In terms of the rate capability of SBS/C and
layered SBS, although SBS/C shows better rate performance than layered SBS in the low
current density range (from 20 to 300 mA g-1), layered SBS presents slightly better rate
capability at high current densities (from 500 to 1000 mA g-1). Carbon sheets in the SBS/C
composite play a dominant role in improving the electrical conductivity, which enhances the
rate performance at low current densities. At high current densities, however, the much
thicker SBS sheets in the composite (around 45 nm in ethanol vs. around 5 nm thickness in
water) become the major limitation for ion diffusion. With the decreased thickness of the
sheets in layered SBS, the shortened ion diffusion pathways lead to a much improved K ion
diffusion coefficient (Fig. 6.21), resulting in improved rate capability, especially at high
current densities. (Fig. 6.18d).
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Figure 6.19 CV curves of SBS NS-3-W and commercial bulk SBS.
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Figure 6.20 Discharge/charge curves for selected cycles of bulk SBS at 50 mA g-1.

Table 6.1. XPS analysis of electrode surface after 50th charge
Content after fitting

Samples
S (total)

S (-SO2-)

S (S2-)

S (S0)

S (S0)/S (S2-)

SBS/C (E)

1

33%

57.76%

9.24%

16.5%

SBS (bulk)

1

45%

50.44%

4.56%

9.04 %
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exfoliated; (c) Peak currents versus V0.5 s-0.5 and the corresponding linear fits.

As it was concluded above that water could facilitate the exfoliation by easily absorbing and
diffusing into SBS crystal (Fig. 6.7e-f) and ethanol works as a carbon source, it is reasonable
to expect that the mixed solvent of ethanol/water would be the best choice, which not only
maintains the few-layered structure of SBS but also introduces carbon sheets at the same
time. Therefore, in order to optimize SBS anode for achieving outstanding electrochemical
performance, layered SBS/C samples were synthesized via exfoliation in ethanol/water
mixtures with various ratios (E/W = 1:1, E/W = 2:1, E/W = 6:1, E/W = 8:1, E/W = 16:1, E/W
= 32:1). In Fig. 6.18h, from the cycling response at different current densities (from 50 mA g1

to 2 A g-1), we find that the SBS/C (E/W = 2:1) and SBS/C (E/W = 6:1) electrodes present
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the best rate capability. Moreover, it was found that the initial discharge capacity of SBS/C
electrodes at 50 mA g-1 is slightly lower than the following capacity at 100 mA g-1 (Fig.
6.18h) in the rate test, and a similar unusual phenomena can also be observed in Fig. 4b, d,
which can be attributed to the activation process of SBS and SBS/C electrodes in the initial
cycles and could be avoided by extending the standing time of fresh cells (Fig. 6.22).
The carbon content in each composite has been investigated in Fig. 6.23, (with 3.82% in
SBS/C (E:W=1:1), 3.93% in SBS/C (E:W=2:1), 3.62% in SBS/C (E:W=6:1), 3.72% in
SBS/C (E:W=8:1), 4.17% in SBS/C (E:W=16:1), and 4.94% in SBS/C (E:W=32:1)),
indicating that there is not much difference in carbon content among these samples. In order
to distinguish the influence of carbon content and the thickness of SBS sheets on the
electrochemical performance of composite electrodes, we designed and fabricated SBS/C
composites via a two-step shear exfoliation. It was found that the cycling stability and rate
performance improved with decreasing thickness of the SBS sheets, and among them the
SBS-6000 electrode shows the best electrochemical performance. We then investigated the
influence of the carbon content based on the same thickness of SBS. Fig. 6.24 suggests that
although the presence of carbon sheets improved the cycling stability and rate capability
significantly, the carbon content in the composites (in the range from 3.5 wt % to 5 wt %)
plays a negligible role in influencing the electrochemical performance. Therefore, the
differences in electrochemical performance of the few-layered SBS/C electrodes shown in
Fig. 6.18h are mainly caused by the thickness of SBS. Fig. 6.25 and Fig. 6.26 show the
variations in the size and thickness distributions of the exfoliated sheets in these SBS/C
electrodes via SEM and AFM. Less thickness of layered SBS in a composite will lead to the
short diffusion time according to the equation t = L2/D 33 (Fig. 6.27) (where t is the diffusion
time, L is the diffusion length or the thickness of SBS, and D is the K ion diffusion constant
in SBS), which results in the simultaneous transfer of K ions with improved rate
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performance. The cycling performances of SBS/C (E/W = 2:1) and SBS/C (E/W = 6:1)
electrodes were compared after the rate test, and better cycling stability of SBS/C (E/W =
2:1) was achieved, with a high reversible capacity of 404 mAh g-1 after 200 cycles (Fig.
6.18h). The long-term cycling performance of SBS/C (E/W = 2:1) electrode was further
investigated (Fig. 6.28). It shows excellent cycling stability and high capacity retention of
79% after 1000 cycles (at a current density of 1 A g-1). Meanwhile, we also compared the
SBS/C (E/W = 2:1) electrode with previously reported state-of-the-art anodes11, 34-42 for KIBs,
excluding carbon-based anodes (Fig. 6.29). It is shown that our few-layered SBS/C electrode
could deliver the highest reversible capacity with unrivalled cycling stability among all the
anode materials so far (excluding carbon/graphite anode). The superior cycling stability and
rate capability of SBS/C (E/W = 2:1) are mainly due to the synergetic effects between fewlayered structured SBS and the carbon sheets in the composite, which not only promote
ion/electron transfer but also maintain the electrode/structure stability and electrode
reversibility. Here, we exclude the carbon/graphite anodes from the comparison of
electrochemical performance because of their limitations as anode for potassium ion batteries.
The very low theoretical capacity (279 mA h g−1, 30% less than that of LIB) and poor
capacity retention of the graphite anode mean that it cannot rival non-graphite anode in KIBs.
Although amorphous carbon electrode present higher reversible capacity than graphite (250
vs. 200 mAh∙g-1) with relatively better cycling retention, the electrochemical behaviour is
more like capacitor behaviour, with a sloped, inconspicuous, and relatively high voltage
plateau.
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Figure 6.22 Rate test under certain settings and with different standing times before
testing. (a) Rate performance of SBS/C (E/W = 4:1) with standing time of 12 h before the
test (at the current densities of 20, 50, 100, 200, 20, 300, 500 mA g-1, and 1 A g-1). (b) Rate
performance of SBS/C (E/W = 4:1) electrodes with different standing times (6 h, 12 h, 24 h).
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(E/W = 6:1), SBS/C (E/W = 8:1), SBS/C (E/W = 16:1) and SBS/C (E/W = 32:1). Scale bar:
100 µm
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Figure 6.24 Electrochemical properties of few-layered SBS and SBS/C electrodes
fabricated via two-step exfoliation. Comparison of (a) cycling performance and (b) rate
performance of SBS 4000, SBS 5000, SBS 6000, and SBS 7000 electrodes, which were
exfoliated in water with different rotation rates. (c) Thickness distributions for SBS 4000,
SBS 5000, SBS 6000, and SBS 7000 electrodes. Comparison of (d) cycling performance and
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Figure 6.25 SEM images of exfoliated SBS with the different solvents (E/W=1:1, E/W=2:1,
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performance of SBS/C (E/W = 2:1) electrode at the current density of 1A g-1
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Figure 6.29 State-of-the-art reported anodes (except for carbon/graphite) for KIBs11,34-42 and
schematic illustration of working mechanism of bulk SBS and few-layered SBS/C.

6.4 Conclusion
According to the research presented above, high-performance potassium ion batteries with a
composite of few-layered antimony sulphide/carbon sheets (SBS/C) as anode are introduced.
The SBS/C composite was fabricated via one-step high-shear exfoliation in an ethanol/water
solvent (ratio E/W = 2:1). Compared with commercial bulk SBS, the few-layered SBS/C
could effectively deal with the issues related to the huge volume changes of Sb2S3 during
charge/discharge and its poor electrical conductivity. Few-layer structured SBS anode could
minimize the absolute volume changes of SBS and facilitate ultrashort ion transport paths
compared with the bulk material. The microsized carbon sheets in the composite not only
provide electrical conductivity but also avoid the loss of active material by trapping the
element S that is inevitably produced due to the irreversible reaction between K2S3 and Sb2S3.
After investigating the solvent effect (water, ethanol) on exfoliation, it was found that water
could facilitate the exfoliation to produce few-layered SBS based on the experimental results
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and DFT calculations, while ethanol could promote carbon sheet generation during
exfoliation due to the carbonization. The electrochemical performance of layered SBS/C
anode was further optimized by investigating the solvent ratio of ethanol/water for
exfoliation. With the cooperative action of water and ethanol in a certain ratio as exfoliation
solvent, the obtained SBS/C (E/W = 2:1) composite anode could deliver a reversible capacity
as high as 404 mA h g-1 after 200 cycles (at a current density of 500 mA g-1) and present
excellent rate performance with 76% capacity retention from current densities of 50 mA g-1 to
500 mA g-1.
At the same time, in order to obtain insight on the electrochemical behaviour of Sb2S3 in
potassium ion batteries, the electrochemical reaction mechanism of the Sb2S3 electrode
during charge/discharge was investigated by in-situ XRD, ex-situ XRD, and TEM. The twostage reactions of SBS in the potassium ion battery are proposed. Unlike the reactions of SBS
in lithium/sodium ion batteries, it clearly presents an intercalation step before the
conversion/alloying reactions. According to the final discharge products, the calculated
theoretical capacity of SBS in KIBs is as high as 630 mA h g-1.
Moreover, in terms of fabrication, the solvent effect was discussed for fabricating different
thicknesses of layered SBS via shear exfoliation, which gives guidance for exfoliating other
materials with control of thickness. The carbonization of organic solvent during high-energy
shear exfoliation was proposed and demonstrated for the first time in our work. This strategy
for the fabrication of few-layered material/carbon composite can be extended to other layered
crystals, and the shear exfoliation may open a new path towards carbon composite fabrication
with selected organic solvents.
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CHAPTER 7 CONCLUSIONS AND OUTLOOK

7.1 Conclusion
In this doctoral thesis, although there are three chapters reporting three different independent
materials (all-integrated silicon, cross-linked polyacrylonitrile-selenium (c-PAN-Se), fewlayered antimony sulphide/carbon (SBS/C)) for energy storage application, all the work is
focused on two research aspects. One research focus is on developing new structures for
materials with different fabrication technique, while the other is developing new energy
storage systems, for example, the potassium ion batteries.

New materials design and fabrication techniques:
1. Silicon anode: the excellent electrochemical performance of the robust all-integrated
silicon anode relies on synergy between the unique double-shelled yolk structure and
the covalent interlinking between the cabon@void@silica@silicon (CVSS) and the
cross-linked binder. Although the reported CVS (yolk-shell silicon) shows promise
for high-electrochemical performance and good cycling stability, we find that the
CVS may still suffer from particle cracking after long cycling at high current density.
In the case of our CVSS, one more protective layer (silica) was introduced into the
yolk-shelled silicon nanosphere structure, which not only provides electrical
conductivity in the lithiated state, but also tolerance to the volume changes to some
extent.[36] Another innovation of our work is the all-integrated electrode created by the
interlinked chemical bonding between CVSS and the cross-linked carboxymethyl
cellulose – citric acid (c-CMC-CA) binder. Based on density functional theory (DFT)
calculations, it was found that the covalent bonding (CO-OC) between the carbon
shells and the binder has higher binding energy than the reported silicon-hydrogen
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bonding interactions (SiOH-HC)[10] or silicon covalent bonding with the binder (SiOOC)[12,21]. The unique structure of CVSS with its carbon shell effectively takes
advantage of the cross-linked c-CMC-CA binder via interlinking and forms an allintegrated electrode with strong mechanical and electrochemical stability. The
strategy for the fabrication of an all-integrated electrode can be extended to other
electrodes which suffer from large volume changes during charge/discharge cycling.
2. Se composite cathode: high-performance potassium-selenium batteries with high
reversibility are reported, with the selenium confined in a porous carbonized-PAN
matrix as cathode. The origin of the superior electrochemical behaviour is the
confinement of small Se1 molecules in the PAN-derived carbon matrix, which could
inhibit the formation of polyselenides. Meanwhile, the conductive carbon matrix
could also successfully deal with problems such as the large volume changes and low
conductivity of selenium.
3. Sb2S3 anode: According to the research above, high-performance potassium ion
batteries with few-layered antimony sulphide/carbon sheets (SBS/C) composite as
anode is introduced, which was fabricated via one-step high-shear exfoliation in
ethanol/water solvent (ratio E/W = 2:1). Compared with commercial bulk SBS, the
fabricated few-layered SBS/C could better deal with the issues of the huge volume
changes of Sb2S3 during charge/discharge and poor electrical conductivity of Sb2S3.
Few-layer-structured SBS anode could minimize the absolute volume changes of SBS
and facilitate ultra-short ion transport compared with the correspondingbulk material.
Microsized carbon sheets in the composite not only provide electrical conductivity,
but also avoid the loss of active material by trapping the inevitably produced S8 due to
the irreversible reaction between K2S2/K2S3 and Sb2S3. After investigating the solvent
effect (water, ethanol) for exfoliation, it was found that water could facilitate the
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exfoliation to produce few-layered SBS, based on the experimental results and DFT
calculations, while ethanol could promote carbon sheet generation during exfoliation
due to the carbonization. The electrochemical performance of layered SBS/C anode
was further optimized by investigating the solvent ratio of ethanol/water for
exfoliation. With the synergy between water and ethanol in a certain ratio as the
exfoliation solvent, the obtained SBS/C (E/W = 2:1) composite anode could deliver a
reversible capacity of 404 mAh g-1 after 200 cycles at a current density of 500 mA g-1
and present perfect rate capability with 76% retention from current density of 50 mA
g-1 to 500 mA g-1. As for the fabrication technique, besides the solvent effect for
fabricating different thickness of layered material, it was reported that the composite
layered material could be obtained via shear exfoliation in this work. The strategy for
the fabrication of few-layered material/carbon composite can be extended to other
layered crystals, and the shear exfoliation may open up a new method for carbon
composite fabrication with selected organic solvents. In further work, the organic
solvent selection and optimization of the exfoliation time will be investigated in order
to better control the carbon content in the layered composite.

New energy storage application, the potassium ion battery with its mechanism
1. c-PAN-Se cathode for potassium ion battery. The mechanism has been proposed
based on the combination of in-situ and ex-situ XRD, ex-situ Raman analysis, and
electrochemical testing. We have detected the formation of small-molecule selenium
(Se1) and deduced that the cleavage of the C-Se bonds occurs in the initial cycles.
This is the first fundamental research on the K-Se battery system, and, to the best of
our knowledge, the K-Se battery shows the best cycling behaviour among all the Kion batteries reported so far. Moreover, the outstanding cycling stability resulting
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from this composite, which features the confinement of small molecules, may be
applied to other similar battery systems, such as the potassium-sulfur battery. The
relatively low voltage of the K-Se battery is the main drawback of this system,
although reasonable energy density could be achieved by improving the capacity of
the battery through optimization of the electrode composition and the electrolyte.
2. Few-layered SBS/C anode for the potassium ion battery. In order to better understand
the electrochemical behaviour of Sb2S3 in the potassium ion battery, the reaction
mechanism and the state of the Sb2S3 electrode during cycling were investigated via
ex-situ XRD and TEM. Although the charge and discharge products are all
amorphous, the intermediate products K2S2/K2S3 and Sb2S3 may be indicating that
Sb2S3 first undergoes a conversion reaction between sulphide and potassium to
produce K2S3, followed by a metal alloying reaction with potassium.

7.2 Outlook
For integrated silicon anode, although we present a relatively new fabrication method, with a
favourable structure and new binder system via interlinking, the whole fabrication process is
still relatively complicated. For commercialization, it is still necessary to find a balance
between the fabrication cost and the electrochemical performance (capacity, cycling stability,
and rate capability) of silicon-based anode material. We have also applied our c-CMC-CA
binder to commercial Si/C purchased from BTR (the largest electrode materials supplier in
China). The commercial Si/C with c-CMC-CA binder exhibits the highest specific capacity
and cycling stability compared to the commercial Si/C with other binders. Our all-integrated
electrode still has a long way to go, but it is promising for future commercial application.
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In the case of the few-layered SBS/C composite, besides the solvent effect for fabricating
different thicknesses of layered material, the composite layered material could be obtained
via shear exfoliation in this work. The strategy for the fabrication of few-layered
material/carbon composite can be extended to other types of layered crystal, and the shear
exfoliation may open a new path towards carbon composite fabrication with selected organic
solvents. In further work, the selection of organic solvents and optimization of the exfoliation
time will be investigated in order to better control the carbon content in the layered
composite.
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